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Disc turbine impeller serves as a vital component of stirred-tank bioreactors and plays crucial role 
in optimizing their performance. This research integrates Computational Fluid Dynamics (CFD) with 
Taguchi experimental method to analyze the effects of blade curvature, asymmetry, and radial 
bending angles on disc turbine impeller performance. The designed P-0.1-T15B20-AM30° impeller 
maximizes the objective function EV , balancing volumetric oxygen transfer coefficient kLa and power 
input per unit volume P/V . Statistical analysis revealed that blade curvature significantly affected 
kLa and P/V , blade asymmetry substantially impacted P/V  and EV , and the radial bending angle 
exhibited a notable influence on kLa, P/V , and EV . The P-0.1-T15B20-AM30° impeller sustains an 
average oxygen transfer efficiency of 52.3% equivalent to that of the Rushton turbine (RT) impeller 
and 68.9% akin to the CD-6 impeller, while its average energy consumption is merely 31.2% and 46.1% 
of the RT and CD-6 impellers, respectively. The average EV  of the P-0.1-T15B20-AM30° impeller is 
enhanced by 12.4% and 8% in comparison to the RT and CD-6 impellers, respectively. Conclusively, 
these results demonstrate that the P-0.1-T15B20-AM30° impeller offers economic and practical 
advantages in aerobic bioprocesses and presents new perspectives for advancing impeller design.
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In recent years, microbial fermentation has been increasingly applied to the production of renewable bioproducts, 
such as, biomethane1, biohydrogen2–4, bioethanol5,6, etc. During aerobic fermentation, stirred bioreactors 
play a key role, providing optimal mixing capacity and high oxygen supply to meet the growth and synthesis 
demands of microorganisms7. In practical operation, increasing the stirrer’s rotational speed and aeration rate 
can improve the mixing and oxygen transfer efficiency. However, this is typically accompanied by higher energy 
consumption8. In industrial-scale aerobic bioprocesses, the costs associated with aeration and agitation account 
for a significant portion of the total production costs9. Therefore, merely intensifying agitation and aeration 
not only increases energy consumption, but may also lead to unpredictable negative effects to the fermentation 
process, such as foaming, hyphal breakage, etc.

The performance of stirred bioreactor is determined by the height-to-diameter ratio, the number of blades, 
the type of blades, the sparger structure, and the operation conditions10,11. Numerous studies have emphasized 
the pivotal role that impellers play by their type and configuration in determining mixing and mass transfer 
characteristics within the bioreactor. The Rushton turbine (RT) impeller, characterized by its disc turbine 
configuration, has gained widespread acceptance in the microbial aerobic fermentation due to its exemplary 
mixing and mass transfer capabilities12. Nonetheless, a principal limitation of the RT impeller is its high 
power consumption, which significantly decreases with increasing aeration13. Inspired by cavitation theory14, 
researchers have orchestrated a series of novel disc turbine impellers by refining the curvature of the blades, 
encompassing designs such as a semicircular tubular disc turbine paddle (CD-6)15, an asymmetric parabolic 
disc turbine (BT)16, a Scaba 6SRGT impeller17, a half elliptical-blade disc turbine (HEDT), a parabolic disc 
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turbine (PDT)18. Jia et al. designed the swept-back parabolic disc turbine (SPDT) and staggered fan-shaped 
parabolic disc turbine (SFPDT) impellers based on the PDT impeller. CFD simulation results showed that both 
turbines exhibited superior the power consumption, pumping capacity and mixing efficiency when compared to 
RT and PDT impellers19. Zheng et al. designed a fan-shaped turbine (FT) impeller that exhibited lower power 
number and higher relative power demand (RPD) compared to RT and BT impellers under turbulent flow 
conditions20. Jorge et al. designed five blade shapes to enhance the RT impeller, with the results suggesting 
that better performance may be achieved after retrofitting of Rushton turbines with streamlined impellers21. 
However, the existing research has primarily focused on the characterization of the designed blade shapes, 
lacking goal-oriented design ideas and systematic research on different blade shapes. A comprehensive study on 
the mass transfer capacity and power consumption of disc turbine impellers with different blade shapes has not 
yet been reported.

The development of novel impellers characterized by high mass transfer efficiency and low power 
consumption holds significant economic potential for the aerobic fermentation industry19. However, the design 
and development of impeller structures are resource-intensive, time-consuming, and require substantial financial 
investment. Computational Fluid Dynamics (CFD), as an powerful and economical tool, has been extensively 
applied in the development of bioprocessing equipment22–25. Despite advancements in computational capabilities, 
the computing resources required for combinatorial design optimization that simultaneously considers multiple 
factors remain unaffordable. Fortunately, techniques based on the Taguchi method and statistical analysis have 
made it feasible to select and quantitatively evaluate optimized combinations of controlling factors. Through 
reasonable experimental design and accurate statistical analysis, the need for large sample sizes in simulations 
can be minimized. Numerous studies have successfully reported this approach in various fields, such as 
optimizing vertical axis wind turbine structures26, optimizing fermentation process parameters27,28, designing 
centrifugal pumps29, and so on. However, this method has not yet been systematically applied to the study of 
disc turbine blades.

This study integrated CFD with Taguchi methodology to optimize the structure of disk turbine blades for 
aerobic fermentation, aiming to enhance oxygen mass transfer efficiency and reduce power consumption. The 
Population Balance Model (PBM)30 and Higbie’s penetration theory were used to describe oxygen mass transfer. 
The EV  defined as the balance between oxygen mass transfer and power consumption, was used as the objective 
function for the blade structure design. Initially, single-factor experiments were conducted to determine the 
optimal levels for three key factors: blade curvature, degree of asymmetry between upper and lower, and radial 
bending angle. Subsequently, an orthogonal experiment with three factors at three levels was designed to 
discover the optimal combination of controlling factors. Finally, the performance of the designed blade was 
evaluated under a range of operational conditions.

Materials and methods
Bioreactor equipment
Figure 1 illustrates the schematic structure of the experimental bioreactor used in this study. The reactor has a 
total volume of 94 L and is equipped with four symmetrical baffles, one ring-shaped sparger, and one impeller. 
The aim of this research is to optimize the design of the impeller blades, with all relevant structural parameters 
listed in Table 1.

αg, kLa and P  measurement and calculation
Gas holdup αg
Experimentally, the gas holdup αg  was determined based on the liquid height due to aeration, and it is described 
as:

	
αg = Hg − H0

H0
� (1)

where, αg  is gas holdup, %; H0 denotes the initial liquid level height, m; Hg  represents the liquid level height 
after aeration, m.

In numerical simulations, the gas holdup αg  was calculated as follow:

	
αg =

∑
Vcαc∑
Vc

� (2)

where, αg  is gas holdup, %; Vc is the volume of the cell, m3; αc is the volume fraction of the gas phase in the 
cell, %.

Volumetric oxygen transfer coefficient kLa
Experimentally, the volumetric oxygen transfer coefficient kLa was determined using the steady-state sodium 
sulfite method31, with detailed experimental procedures and theoretical foundations provided in reference 32.

The Higbie’s penetration theory has been widely used in the calculation of mass transfer coefficients kL in 
gas–liquid two-phase systems and has been verified by experiments33–36. Its expression is as follows:

	
kL = 2

√
D√
π

(ερl

µl
)

1/4
� (3)
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where, D represents the diffusion coefficient of oxygen in the liquid phase, m2/s; ε is the turbulent dissipation 
rate, m2/s3; ρl is the density of the liquid phase, kg/m3; µl represents the viscosity of the liquid phase, kg/(m·s).

The interfacial area a can be calculated by Eq. (4):

	
a = 6αg

db
� (4)

The average bubble diameter db was calculated as follows:

	
db =

∑
Vcαcdb,c∑

Vcαc
� (5)

where, db,c is the bubble diameter in the cell, m, Vc is the volume of the cell, m3; αc is the volume fraction of the 
gas phase in the cell, %.

Structure Dimensions/mm

Tank diameter T 480

Tank height H 520

Shaft diameter d 35

Baffle width b 40

Distance between ring-shaped sparger and tank bottom C 80

Distance between impeller disc and tank bottom E 150

Impeller diameter D 200

Blade height h 40

Blade width l 50

Sparger diameter r 160

Table 1.  The structural parameters of bioreactor.

 

Fig. 1.  The schematic structure of bioreactor.
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Power input P
The power input P  and power number Po of the bioreactor system can be calculated by measuring the torque on 
the impeller, with the specific calculation method as follows:

	 P = 2πMN � (6)

	
P o = 2πNM

ρN3D5 � (7)

where, M  represents the torque on the impeller, which is determined experimentally or numerical simulation, 
N·m; N  is the rotational speed of the impeller, s-1; D is the diameter of the impeller, m.

CFD simulation
Governing equations for gas–liquid two-phase flow
To accurately describe the gas–liquid flow within the bioreactor, the Euler-Euler multiphase flow model37,38 
was employed for characterization. In this model, the liquid serves as the continuous phase and the gas as the 
dispersed phase. The continuity and momentum equations are expressed as follows39:

	
∂(αqρq)

∂t
+ ∇ · (αqρq

−→vq) = 0� (8)

	
∂ (αqρq

−→vq)
∂t

+ ∇ · (αqρq
−→vq

−→vq) = −αq∇p + ∇ · τq + αqρq
−→g + −→

Fq � (9)

where, αq , ρq  and −→vq  are respectively the volume fraction, density and velocity of phase q(q=g for gas or l for 
liquid), τq  is the shear stress tensor, p represents the pressure of both phases, 

−→
Fq  is the interphase forces.

The interphase forces include drag force, virtual mass force, lift force, wall lubrication force, and turbulent 
diffusion force, among others40. The formation of drag force is attributed to the non-uniform distribution of 
surface pressure resulting from the relative motion between the two phases. Its equation is described as below:

	
FD,lg = 3

4αgαl
ρl

db
CD,lg |µl − µg| (µl − µg)� (10)

where, FD,lg  is the drag force between two phases, CD,lg  is the drag force coefficient, which can be described 
by various drag force models40–42.

Turbulence equations
The standard k − ε model was used to describe the turbulent flow characteristics of the liquid in this study. Its 
governing equations are expressed as43:

	
∂

∂t
ρlαlk + ∇ · ρlαlulk = ∇ ·

[(
µ + µtl

σk

)
αl∇k

]
+ αl (Pk + Pkb − ρlε)� (11)

	
∂

∂t
ρlαlε + ∇ · ρlαlulε = ∇ ·

[(
µ + µtl

σε

)
αl∇ε

]
+ αl

ε

k
[Cε1Pk + Pεb − Cε2ρlε]� (12)

where, Cε1, Cε2, σk, σε are model constants, which are 1.44,1.92,1.0 and 1.3, respectively. Pkb and Pεb represent 
the influence of buoyancy, µtl is the turbulent viscosity of liquid phase, and Pk  is the turbulent phase caused by 
viscous force.

Population balance model
Modeling the bubble size distribution is crucial for accurately simulating oxygen transfer processes. Bubbles 
are subject to coalescence and breakup under the action of static pressure and interphase forces, leading to 
an uneven distribution of their sizes throughout the bioreactor28. Therefore, most previous studies34,44 that 
assumed a constant bubble size are inherently biased. Fortunately, the PBM model30 can approximately simulate 
the evolution of bubble sizes within the bioreactor, thereby improving the accuracy of the simulation. In a 
related study, Gu et al.23 employed CFD simulations combined with the PBM model to accurately predict the 
gas holdup distribution, cavity formation, and bubble size distribution during gas–liquid dispersion in stirred 
tanks equipped with RT impellers and self-similar impellers. Additionally, Chen et al.45 simulated the gas–liquid 
flow characteristics in stirred tanks with five different impeller combinations and designed an industrial-scale 
bioreactor based on a constant kLa.

The equation for the PBM model is expressed as:

	

∂

∂t
(ρgni) + ∇ ·

(
ρg →

Ugni

)
= ρg(BBic − DBic + BBib − DBib )� (13)

where, ni is the number of bubbles per class i. BBic , DBic , BBib , DBib  denote the rates of bubble breakup to 
generate small bubbles, the reduction rate of large bubble breakup, the rate of small bubble coalescence to form 
large bubbles, and the reduction rate of small bubble coalescence, respectively.
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BBic = 1
2

v∫

0

a
(
v − v′, v

)
n (v − v′, t) n(v′, t)dv′� (14)

	

DBic = n(v)
∞∫

0

a
(
v′, v

)
n

(
v′, t

)
n(v′, t)dv′� (15)

	

BBib =
∫

Ωv

pg
(
v′) β

(
v|v′) n(v′, t)dv′

� (16)

	 DBib = g(v)n(v, t)� (17)

where, a (v′, v) is the coalescence rate between bubbles of size v and v′; g(v) is the breakup rate of bubbles of 
size v; g(v′) is the breakup frequency of bubble v′; β (v|v′) is the probability density function of bubbles broken 
from the volume v′ in a bubble of volume v.

This paper adopts the model posited by Prince and Blanch46 to elucidate the phenomenon of bubble 
coalescence, which hypothesizes that the merging process of two bubbles comprises three distinct phases: 
initially, the bubbles engage in mutual collision, extruding the liquid present between them; thereafter, the 
liquid film separating the bubbles progressively attenuates until it reaches a critical thickness; ultimately, the 
film ruptures, leading to the union of the bubbles. Consequently, the model suggests that the rate of bubble 
coalescence is contingent upon the collision frequency and the efficiency of these collisions, namely:

	 a (Vi, Vj) = (θT
ij + θB

ij + θS
ij)ηij � (18)

where, θT
ij , θB

ij  and θS
ij  respectively denote the contributions of turbulence, buoyancy, and shear forces to the 

bubble collision frequency, with ηij  representing the collision efficiency, which is calculated as follows:

	 ηij = e−tij /τij � (19)

	
tij = (

ρlr
3
ij

16σ
)

1/2

ln( ho

hf
)� (20)

	
τij =

r
2/3
ij

ε
1/3
l

� (21)

where, ho represents the initial liquid film thickness, hf  is the critical thickness of liquid film breakup, and rij  
is the bubble equivalent radius.

	
rij = (1

2( 1
ri

+ 1
rj

))
−1

� (22)

where ri and rj  are the radii of bubbles i and j, respectively.
The contribution of turbulence to the collision frequency is expressed as:

	 θT
ij = FCT Sij(u2

ti + u2
tj)1/2� (23)

where FCT  is the correction factor and the cross-sectional area of the collision bubble is expressed as:

	
Sij = π

4 (di + dj)2� (24)

The turbulent velocity is given by:

	 uti =
√

2ε
1/3
l d

1/3
i

� (25)

The contribution of buoyancy to the bubble collision frequency is expressed as:

	 θB
ij = FCBSij |Urj − Uri|� (26)

and FCB  is a calibration factor for the buoyancy. The contribution of shear to the collision frequency θS
ij  is 

ignored.
The bubble breakup is based on the theories of isotropic turbulence and probability and the Luo and Svendsen 

breakup model47 is used to describe the breakup of bubbles.
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Ωbr

(
V, V ′) = K

1∫

ξmin

(1 + ξ)2

ξ11/3 exp(−bξ−11/3)dξ� (27)

	 K = 0.9238ξ1/3d−2/3α� (28)

	 b = 12[f2/3 + (1 − f)2/3 − 1]σρ−1ξ−2/3d−5/3β−1� (29)

where ξ is the dimensionless isotropic turbulent vortex size.

Simulation setup
The 3D models of the bioreactor were developed using Creo 9.0 software, retaining only the main structures 
such as baffles, impellers, and the ring-shaped sparger. The computational cells were generated using FLUENT 
MESHING software, and the polyhedral mesh was employed in all simulation cases due to its simplicity in 
drawing, reduced number, and faster solution speed. Preprocessing and computational solutions were 
conducted using FLUENT, with water (density ρ = 1000 kg/m3 and viscosity µ = 0.001 Pa·s) and air selected as 
the materials for two-phase flow simulation. The surface tension was set to 0.073 N/m. The drag force model is 
selected as grace model, and other interphase interaction forces are slightly selected28. Drawing on experimental 
observations32, bubble sizes within the Population Balance Model were configured to range from 0.4 mm to 
9 mm. The Discrete method was employed to divide the bubbles into 10 groups, with the Ratio Exponent set 
to 1.5, the min diameter set to 0.4 mm, and the First Order Upwind scheme used for solving. The Multiple 
Reference Frame (MRF) method was employed to simulate the rotation of the impellers. The stirring speed of the 
impeller was set at 200 rpm and the ventilation rate of the air inlet was 0.28 m/s. The air inlet was configured as 
velocity-inlet, and the outlet was set as degassing, while all other boundary conditions were defined as walls. The 
phase-coupled SIMPLE algorithm was employed for the steady-state solution. The rest of the solution settings 
take FLUENT’s default options. The convergence residual was set to 10–5, and the solver process monitored the 
torque of the impellers, with convergence considered achieved upon stabilization. CFD-POST was utilized for 
the visualization and numerical analysis of the simulation data.

CFD-Taguchi Experiment
Design objectives
Previous research has typically employed gas holdup αg , interfacial area a, volumetric oxygen transfer coefficient 
kLa, and power consumption P  as objective functions for reactor design optimization20,37,38,48. In large-scale 
aerobic biological fermentation processes, aeration and agitation represent a substantial portion of the input 
costs, corresponding to oxygen transfer rates and power input per unit volume, respectively. These two metrics 
generally exhibit opposing trends; thus, the aim of this work is to achieve a higher kLa while minimizing P/V . 
Consequently, following the recommendation of references27,28, the EV  is adopted as the objective function for 
design optimization.

	 EV = η1(kLa)′ + η2(1 − (P/V )′)� (30)

where, EV  is comprehensive evaluation index, (kLa)′ and (P/V )′ are normalized indexes of kLa, P/V , 
respectively; η1 and η2 are weighted values of kLa, P/V . Here η1 = η2 = 0.5.

Single-factor experiments
Coefficient a  Parabolic equations can be effectively employed to design blade shapes, where the coefficient 
a in the quadratic Eq. (14) controls the curvature of the blade. A larger value of coefficient a results in a more 
pronounced curvature of the blade. Figure 2 illustrates the blade shapes at varying curvatures while maintaining 
the same blade height, with the RT impeller as a reference (where coefficient a is considered to be 0). The values 
of coefficient a are sequentially 0, 0.05, 0.1, 0.15 and 0.2.

	 y = a ∗ x2� (31)

Asymmetry  The prototype design of disc turbine impeller blades exhibited vertical symmetry relative to a cen-
tral disk12. However, subsequent research has highlighted the superiority of asymmetrically designed blades in 
terms of mixing and power consumption16. In recognition of the discrepancies in flow field conditions encoun-
tered by the upper and lower sections of the impeller, five distinct asymmetric patterns for the blade sections 
have been developed, with detailed representations provided in Fig. 3.

Radial bending angle  It has been revealed that the radial bending of the blades can substantially diminish the 
power number of the impeller while preserving the efficiency of gas–liquid mass transfer19,22,49. Five distinct 
blade radial curvature angles were conceptualized within this research, as illustrated in Fig. 4.
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Orthogonal experiments
Full-factorial experiments are inherently time-consuming and less efficient when tackling multi-parameter 
optimization issues. In contrast, orthogonal experiments offer a more efficient, faster, and cost-effective approach 
to experimental design, significantly reducing experimental costs50,51. The optimal levels for three factors: 
coefficient a, asymmetry, and radial bending angle were determined by analyzing the results of single-factor 
optimizations. Subsequently, the control factors and their levels for the orthogonal experiment were established, 

Fig. 3.  Schematic diagram of the asymmetric blades (For instance, T15B20 represents a configuration where 
the distance from the upper edge of the blade to the disk is 15 mm, and the distance from the lower edge of the 
blade to the disk is 20 mm).

 

Fig. 2.  Schematic diagram of blades at different coefficient a.
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as presented in Table 2. This study designed an L9(33) orthogonal experiment, as shown in Table 3, provided the 
names of the impellers for each case. Figure 5 illustrates the structure schematic of the impellers in each case, 
with the impellers rotating clockwise.

Impeller performance evaluation
CFD simulations were conducted to examine the performance of the designed impeller, the RT and CD-6 
impellers, across a spectrum of operational conditions, including varying rotational speeds (100–500 rpm) and 
ventilation rates (0–1.8 vvm), to evaluate the versatility of the designed impeller. In addition, dimensionless 
parameters such as Reynolds number (Re) and Froude number (F r) were introduced to quantify the flow state 
within the reactor.

For Reynolds number:

Coefficient a Asymmetry Radial bending angle Name

Case 1 0.1 T20B20 A0° P-0.1-T20B20-A0°

Case 2 0.1 T15B20 AM15° P-0.1-T15B20-AM15°

Case 3 0.1 T10B20 AM30° P-0.1-T10B20-AM30°

Case 4 0.15 T20B20 AM30° P-0.15-T20B20-AM30°

Case 5 0.15 T15B20 A0° P-0.15-T15B20-A0°

Case 6 0.15 T10B20 AM15° P-0.15-T10B20-AM15°

Case 7 0.2 T20B20 AM15° P-0.2-T20B20-AM15°

Case 8 0.2 T15B20 AM30° P-0.2-T15B20-AM30°

Case 9 0.2 T10B20 A0° P-0.2-T10B20-A0°

Table 3.  L9(33) orthogonal array.

 

Factors Levels

Coefficient a 0.1 0.15 0.2

Asymmetry T20B20 T15B20 T10B20

Radial bending angle A0° AM15° AM30°

Table 2.  Controls factors and levels.

 

Fig. 4.  Schematic diagram of the radial curvature of the blades (AP30° represents an angle of 30° of blade 
curvature in the direction of rotation, A0° signifies no radial curvature, and AM15° indicates an angle of 15° of 
blade curvature in the direction opposite to the rotation).
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Re = nρD2

µ
� (32)

where ρ represents the liquid density (kg/m3), n denotes the stirring speed (r/s), D is the diameter of the impeller 
(m), and µ is the dynamic viscosity (Pa·s).

For Froude number:

	
F r = n2 × D

g
� (33)

where g represents the acceleration of gravity (m/s2), n denotes the stirring speed (r/s), D is the diameter of the 
impeller (m).

Results and discussion
Model validation
Mesh independence verification
FLUENT software is based on the finite volume method for calculation and solution43. During the discretization 
of the computational domain, the cell size significantly affects the calculation results. Consequently, it is 
imperative to mitigate the influence of cell quality on simulation outcomes prior to conducting the simulations. 
In this study, five different cell configurations were generated for a specific type of impeller, and their effects on 
the variables kLa, αg , average liquid velocity, and average gas velocity were compared. As depicted in Fig. 6, 

Fig. 5.  Schematic illustration of the impeller structure for each case.
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when the cell counts were 159w and 249w, the differences in kLa, αg , average liquid velocity, and average gas 
velocity were merely 0.76%, 0.03‰, 0.24%, and 0.08% respectively. Consequently, a cell count of 159w was 
adopted as the standard for all subsequent simulations to minimize computational resource demands.

Model accuracy verification
Figure 7 illustrates the discrepancy between the experimental measurements and the CFD simulation results 
for kLa and P  under varying rotational speeds and airflow rates. For kLa, the CFD simulation results are in 
high agreement with the experimental results at 200 rpm, 1 vvm and 300 rpm, 1 vvm, with errors of -0.7% and 
-0.34%, respectively. Additionally, all simulated errors fall within the range of ± 20%. For P , the CFD simulation 
results are slightly higher than the experimental values as a whole. Considering the simplification of the model 
and discrete errors, the errors are still within the acceptable range, which also shows the reliability of the CFD 

Fig. 7.  Comparison of CFD results with experimental determination of kLa and P .

 

Fig. 6.  Mesh independence verification.
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model. Consequently, in this study, the CFD model was utilized to evaluate the performance of various impellers, 
thereby reducing the costs associated with experimental and temporal resources.

Analysis of single-factor experiments
Single-factor experiments were conducted to design blade shapes and to determine the optimal levels of three 
control factors. The values of kLa, P/V , and EV  at varying coefficients a are depicted in Fig. 8 A, B, and C, 
respectively. The blade curvature incrementally increases with the augmentation of the coefficients a, whereas 
both kLa and P/V  exhibit a gradual descending trend, their decrement rates slowing progressively. This 
indicates that when the blade curvature attains a certain magnitude, the effects of the clearance and the free 
surface on the radial jet angle becomes smaller52, and its impact on kLa and P/V  diminishes substantially, 
leading to a stabilization of the impeller’s performance. The EV  displays an initial increase followed by a decline, 
reaching a maximum value when the coefficient a is 0.15.

Figure 8 D, E, and F illustrate the simulation results based on the blade curvature at coefficient a of 0.15, with 
the asymmetry of the blades altered. The blades were divided into upper and lower sections by a disk. As the 
blade height decreased in both sections, kLa values generally decreased. Notably, the upper section had a greater 
influence on kLa, with reduction percentages of 15.14% and 10.7% for the upper and lower sections, respectively. 
The P/V  decreased with the reduction in blade height in the upper section and exhibited a fluctuating trend 
with the decrease in the lower section. The upper section had a more significant impact on P/V , consistent 
with the changes in kLa. This indicates that the shape of the upper blade section, compared to the lower section, 
more significantly determines the gas–liquid mass transfer capability and power consumption of the impeller, 
and should be a key consideration in impeller design. Under the asymmetric shape of T20B10, the impeller 
performance was poorest, corresponding to the smallest EV  in Fig. 8 F. When the blade heights were T15B20, 
the target function EV  reached its maximum value of 0.61, indicating optimal impeller performance.

Based on blade curvature coefficient a of 0.15 and the blade’s upper and lower section heights being T15B20, 
the simulated values of kLa, P/V , and EV , obtained from blades bent radially, are depicted in Fig. 8 G, H, 
and I, respectively. Blades bent in the direction of impeller rotation (AP15°, AP30°) increase the interaction 
between the blades and the fluid, resulting in fluid retention within the impeller, manifested as increased 
resistance and higher gas holdup (data not shown). Conversely, blades bent in the opposite direction to impeller 
rotation (AM15°, AM30°) allow the fluid to move in the direction of the bend, thus exhibiting a trend of reduced 
resistance and lower gas holdup, offering better discharge and energy-saving advantages, and being less prone 

Fig. 8.  kLa, P/V  and EV  of different impellers in single-factor experiments.
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to blade wear22,49. Overall, the simulation results indicate a synchronous decline in both kLa and P/V  as the 
blade curvature varies across different angles (AP30°, AP15°, A0°, AM15°, AM30°). Consequently, this trend is 
also reflected in the relatively modest fluctuation of the EV . When the blade is bent at AM15°, the EV  value is 
slightly higher than that at the other four angles. Therefore, through single-factor experimental optimization, 
the optimal levels for the target function EV  can be determined as coefficients a = 0.15, T15B20, and AM15° for 
the three control factors.

Orthogonal experiments based on CFD modeling
Distributions of gas holdup αg , interfacial area a and volumetric oxygen transfer coefficient kLa
Figure 9 presents the numerical cloud plots of gas holdup αg , interfacial area a and volumetric oxygen transfer 
coefficient kLa for all cases. Upon entry, gas is dispersed by the impellers, resulting in significant bubble breakup, 
with higher values of αg , interfacial area a and kLa primarily distributed in the impeller and inlet regions, 
showing a consistent trend. Compared to the effects of agitation speed, ventilation rate, and impeller type, the 
impact of blade structure variations on these parameters is relatively minor28,53. The ranges of αg , interfacial area 
a and kLa are mere 0.82%, 5.84 m-1, and 0.0065 s-1, respectively. However, significant differences in the overall 
distribution within the reactor remain under different blade shapes, particularly evident in the upper regions 
of the impeller. The regions of high values of αg , interfacial area a and kLa in the bioreactor at different cases 

Fig. 9.  Distribution of gas holdup αg , interfacial area a and volumetric oxygen transfer coefficient kLa under 
different impellers.
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show an overall trend of decreasing from top to bottom and from left to right in Fig. 9. With the increase of the 
blade curvature and the decrease of the height of the upper part of the blade, the contact area between the blade 
and the fluid is reduced, which further reduces the ability of the blade in gas dispersion, bubble breaking and 
mass transfer. With the increase of the radial bending angle of the blade, the radial discharge of the impeller 
is weakened, and the upward lift of the gas and the circulation of the fluid make the gas above the impeller 
concentrated in the vicinity of the mixing shaft. Overall, designing the blade shape is necessary to optimize 
gas–liquid distribution and mass transfer.

Statistical analysis of control factors
The performance statistics of the influence of different levels of each factor on the target response can be obtained 
by calculating the average target responses at each level. Figure 10 displays the average values for gas holdup αg

, bubble diameter d, interfacial area a, volumetric oxygen transfer coefficient kLa, power input per unit volume 
P/V , and EV  for varying levels of each control factor. As shown in Fig. 10, with the increase in coefficient a, a 
consistent linear decrease is observed in αg , bubble diameter d, interfacial area a, kLa, P/V , and EV , indicating 
that the alteration in the blade curvature has a uniform effect on these variables. This is due to the increase in 
the curvature of the blade reduced the formation of the trailing vortex at the back of the blade, and the results 

Figure 9.  (continued)
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are consistent with the findings of Jorge et al21. However, with the reduction in blade height in the upper part of 
the disk, αg , bubble diameter d, and EV  initially increase slightly before decreasing, while for interfacial area 
a and kLa, there is a continuous decrease, and P/V  shows a linear decrease. Because the high pressure region 
of the stress on the blade decreases with the decrease of the blade height, the resistance to the blade decreases 
significantly22. The results show that there is a highly linear relationship between the reduction of blade height 
and power consumption. When the blade height in the upper part of the disk is reduced from 15 to 10 mm, 
there is a significant drop in αg , interfacial area a, and kLa. The results indicate that a slight asymmetry in the 
turbine blades on the disk leads to a corresponding improvement in impeller performance, as the reduction 
in the interaction area between the blade and the fluid correspondingly decreases the power requirement, and 
the impeller’s gas holding capacity and dispersion ability do not decrease but even show a slight improvement. 
However, when the turbo impeller blades on the disk exhibit a high degree of asymmetry (T10B20), the impeller 
performance undergoes a significant decline. This is primarily due to the substantial reduction in gas handling 
capacity far outweighing the decrease in power input required by the impeller.

The influence of changes in the radial bending angle of the blades on αg , bubble diameter d, kLa, and P/V  
is consistent with that of coefficient a. However, EV  initially decrease and then increase, indicating that when 
the blade is bent slightly in a counterclockwise direction, the decline in gas–liquid mass transfer performance 

Figure 9.  (continued)
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outweighs the reduction in power required by the impeller. When the blade is bent to a certain extent, the 
impeller’s gas handling capacity becomes stable, and power consumption still linearly decreases, thus leading to 
a rebound in overall performance. Overall, the degree of upper-lower asymmetry of the blades has the smallest 
impact on these variables, yet the largest influence on EV .

Multiple regression analysis
In this paper, we focus on the effect of the change of blade shape on the volumetric oxygen mass transfer 
coefficient and power consumption per unit volume, for which we fit the quantitative relationship between kLa 
and P/V  and the three factor variables by multiple linear regression, and the results are shown in Table 4 and 
Eqs. (34), (35).

	 kLa = 0.02 − 0.044 ∗ A + 0.029 ∗ B − 0.013 ∗ CR2 = 0.897� (34)

Fig. 10.  Average results for gas holdup αg , bubble diameter d, interfacial area a, volumetric oxygen transfer 
coefficient kLa, power input per unit volume P/V , and EV  under different levels of control factors.
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	 P/V = 248.009 − 731.511 ∗ A + 230.642 ∗ B + 340.958 ∗ CR2 = 0.968� (35)

The regression analysis demonstrated a high overall goodness-of-fit, indicating a strong linear relationship 
between kLa and P/V  with the three factors (A, B, and C). For the P/V  regression model, the R2 value was 
0.968, with an adjusted R2 of 0.948, an F-statistic of 49.799, and a P-value of 0.000***, confirming the model’s 
excellent fit and statistical significance. Among the independent variables, coefficient A exhibited the most 
significant impact on P/V , showing a negative linear relationship, while the effects of asymmetry and radial 
bending angle were relatively minor. For the kLa regression model, the R2 value was 0.897, with an adjusted 
R2 of 0.836, an F-statistic of 14.578, and a P-value of 0.007***, indicating statistical significance. Coefficient 
A remained the most influential factor on the dependent variable, while the effects of asymmetry and radial 
bending angle varied. The variance inflation factor (VIF) for all independent variables was 1, confirming the 
absence of multicollinearity and ensuring the validity of the model and the independence of the independent 
variables. These results underscore the robustness of the regression models and their suitability for analyzing the 
relationships between the studied variables.

Range analysis of kLa, P/V , and EV
Range analysis was employed to evaluate the influence of control factors on target variables. In this study, 
an online software tool, SPSSPRO, was employed to conduct range analysis on the pivotal variables of kLa
, P/V , and EV , with the results presented in Table 5. In the evaluation of kLa, the most significant factor is 
coefficient a (curvature of the blade), followed by the radial bending angle and the asymmetry of the blade’s 
upper and lower. The experiment revealed that the maximum kLa could be achieved with the blade geometry 
of P-0.1-T20B20-A0°. Regarding P/V , the influence factors are ranked in the order of the radial bending 
angle, coefficient a, and the asymmetry of the blade’s upper and lower. The blade shape P-0.2-T10B20-AM30° 
exhibited the lowest P/V . The asymmetry of the blade’s upper and lower exerts the greatest impact on the EV

, followed by the radial bending angle, while the influence of coefficient a is minimal. The optimal balance 
between oxygen transfer and power consumption was achieved with a blade geometry of P-0.1-T15B20-AM30°. 
Given that different production processes have varying requirements for impeller performance, the selection 
and optimization of impellers should be tailored to the specific production process. In the majority of aerobic 
fermentation processes, the ideal impeller should provide high oxygen transfer while minimizing input costs to 
maximize economic returns.

kLa

Constant A B C

Non-normalized coefficient
B 0.02 –0.044 0.029 –0.013

Standard error 0.002 0.01 0.01 0.003

Normalization coefficient Beta – –0.636 0.414 –0.567

t 12.081 –4.443 2.888 –3.957

P 0.000*** 0.007*** 0.034** 0.011**

VIF – 1 1 1

R2 0.897

Adjusted R2 0.836

F F = 14.578 P = 0.007***

P/V

Constant A B C

Non-normalized coefficient
B 248.009 –731.511 230.642 –340.958

Standard error 17.18 104.599 104.599 34.866

Normalization coefficient Beta – –0.563 0.177 –0.787

t 14.436 –6.993 2.205 –9.779

P 0.000*** 0.001*** 0.079* 0.000***

VIF – 1 1 1

R2 0.968

Adjusted R2 0.948

F F = 49.799 P = 0.000***

Table 4.  Results of multiple linear regression analysis. Note: * * *, * * and * represent significance levels of 1%, 
5% and 10%, respectively. A, B and C representative coefficient a, asymmetry and radial bending angle, and all 
of them were normalized.
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Variance analysis of kLa, P/V , and EV
An analysis of variance (ANOVA) was utilized to determine the significance of the impact of control factors on 
the target variable. The significance of the influence of control factors on the target variable is assessed through 
the P-value. A P-value < 0.05 typically indicates a significant difference, whereas a P-value > 0.05 suggests no 
significant difference. The ANOVA report obtained via the online software SPSSPRO elucidates the effects of 
control factors on kLa, P/V , and EV , respectively, as outlined in Table 6.

Target variables Item Sum of squares DOF Mean sum of squares F P R2

kLa

Coefficient a 0 2 0 33.129 0.029**

0.987
Asymmetry 0 2 0 17.305 0.055*

Radial bending angle 0 2 0 27.526 0.035**

Error 0 2 0 NaN

P/V

Coefficient a 4661.765 2 2330.882 42.925 0.023**

0.992
Asymmetry 443.083 2 221.542 4.08 0.197

Radial bending angle 8690.065 2 4345.033 80.017 0.012**

Error 108.602 2 54.301 NaN

EV

Coefficient a 0.004 2 0.002 15.299 0.061*

0.992
Asymmetry 0.025 2 0.012 87.492 0.011**

Radial bending angle 0.006 2 0.003 22.449 0.043**

Error 0 2 0 NaN

Table 6.  Variance analysis of kLa, P/V  and EV .

 

Target variables Item Coefficient a Asymmetry Radial bending angle

kLa

K1 0.055 0.052 0.055

K2 0.048 0.051 0.048

K3 0.045 0.045 0.046

K1 0.018 0.017 0.018

K2 0.016 0.017 0.016

K3 0.015 0.015 0.015

R 0.003 0.002 0.003

Optimal level of the factor 0.1 T20B20 A0°

Rank Coefficient a > Radial bending angle > Asymmetry

P/V

K1 556.047 487.425 583.349

K2 440.722 466.663 450.865

K3 393.489 436.171 356.044

K1 185.349 162.475 194.45

K2 146.907 155.554 150.288

K3 131.163 145.39 118.681

R 54.186 17.085 75.768

Optimal level of the factor 0.2 T10B20 AM30°

Rank Radial bending angle > Coefficient a > Asymmetry

EV

K1 1.44 1.442 1.314

K2 1.359 1.498 1.292

K3 1.278 1.138 1.472

K1 0.48 0.481 0.438

K2 0.453 0.499 0.431

K3 0.426 0.379 0.491

R 0.054 0.12 0.06

Optimal level of the factor 0.1 T15B20 AM30°

Rank Asymmetry > Radial bending angle > Coefficient a

Table 5.  Range analysis of kLa, P/V  and EV .
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Coefficient a exhibited a significant influence on kLa and P/V  (P-value < 0.05), yet had a non-significant 
effect on EV  (P-value > 0.05), due to the consistent trend in the impact of blade curvature alterations on kLa and 
P/V . The asymmetry of the blade exhibits a non-significant impact on kLa (P-value = 0.055*), yet significantly 
affects both P/V  and EV . Changes in blade height modulate the interaction between the blade and the fluid, 
thereby significantly impacting power input and altering EV . The radial bending angle of the blade significantly 
affects all three target variables, with P-values below 0.05. Additionally, post-hoc multiple comparisons using the 
LSD method (data not shown) revealed that the optimal impeller shape for high kLa, low P/V , and high EV  
corresponds to the findings of the range analysis.

For EV , the selection of the optimal impeller structure hinges on the oxygen transfer requirements and the 
balance of power consumption within the actual fermentation system. The target function of this study remains 
valid within the controlled parameters of impeller structural characteristics.

Impeller performance
With the aim of achieving a high EV , the optimal blade shapes were identified through single-factor experiments 
and orthogonal experimental design as P-0.15-T15B20-AM15° and P-0.1-T15B20-AM30°, respectively, as 
shown in Fig. 11.

To investigate the comprehensive performance of the designed impellers, CFD simulations were conducted 
at varying rotational speeds (100 rpm, 200 rpm, 300 rpm, 400 rpm, 500 rpm) and aeration rates (0 vvm, 0.6 vvm, 
1 vvm, 1.4 vvm, 1.8 vvm), and the results were compared with those of the RT and CD-6 impellers. The kLa, P , 
and EV  for the four impellers under different operating conditions were depicted in Fig. 12.

The rotational speed and aeration rate significantly affect kLa, with an increase in kLa observed as the 
stirring speed and aeration rate rise. Under identical conditions, the RT impeller exhibits a significantly higher 
kLa than the other three types of blades, while the P-0.1-T15B20-AM30° impeller shows a slightly higher kLa 
than the P-0.15-T15B20-AM15° impeller. The RT impeller’s chief merits are its commendable performance in 

Fig. 11.  Structural diagram of four kinds of impellers.

 

Scientific Reports |         (2025) 15:8102 18| https://doi.org/10.1038/s41598-025-92463-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


gas–liquid dispersal and its formidable capacity for mass transfer13. In comparison to the RT impeller and the 
CD-6 impeller, the average kLa of the P-0.1-T15B20-AM30° decreased by 47.7% and 31.1%, respectively.

Conventionally, the power consumption of impellers exhibits a trend of increasing with the augmentation of 
agitation speed and decreasing with the rise in aeration rate. The influence of aeration rate on P is substantially 
lesser than that of rotational speed, and the degree of variation also depends on the type of impeller. Under 
aeration conditions, the formation of “gas cavities” in the low-pressure regions of impeller blades due to the 
accumulation of gas leads to a diminution in the radial pumping capacity and gas dispersal performance of the 
impellers54. The Relative Power Demand (RPD), which is the ratio of aeration power to non-aeration power, 
serves as a metric to reflect the impact of low-pressure cavities on gas dispersal performance. A critical flaw of 
the RT impeller is its substantial decrease in P with increasing aeration rate, which compromises the stability of 
the gas–liquid system’s operation55. At a rotational speed of 200 rpm and an air velocity of 0.39 m/s, the RPD 
of the RT impeller dropped to a minimum of 0.69. In contrast, the RPD of the other three impellers remained 
relatively stable, hovering around 0.95, which was attributed to the larger blade curvature21,54. Overall, the power 
demand of P-0.1-T15B20-AM30° was slightly lower than that of P-0.15-T15B20-AM15° and significantly lower 
than that of the RT and CD-6 impellers. The average power demand of P-0.1-T15B20-AM30° is merely 31.2% 
of that of the RT impeller and 46.1% of that of the CD-6 impeller, thereby indicating that the designed impellers 
exhibit an exceptional energy-saving efficacy.

Fig.  12(C) illustrates that under most conditions, the EV  value of P-0.1-T15B20-AM30° exceeds that of 
P-0.15-T15B20-AM15°, with a markedly higher value than CD-6, and the RT impeller exhibits the lowest value. 
The P-0.1-T15B20-AM30° impeller exhibited an average EV  increase of 12.4% and 8% over the RT and CD-6 
impellers, respectively. Additionally, it was observed that only under conditions of low rotational speed and 
elevated aeration rates does the EV  value of P-0.15-T15B20-AM15° slightly exceed that of P-0.1-T15B20-AM30°. 
This suggests that the shape configuration of 0.1-AM30° exhibits better performance under most conditions 
compared to the 0.15-AM15° configuration, making it more suitable for aerobic fermentation processes.

To compare the mass transfer rates of four types of impellers under the same power consumption, we 
referenced the studies by Xie et al.56 and Pan et al.32, and fitted the empirical correlations for the mass transfer of 
the impellers, as shown in Eqs. (36)-(39).

Fig. 12.  kLa, P/V , and EV  for four impellers at different rotational speeds and aeration rates.
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RT kLa = 0.0401

(
P

V

)0.48
u0.66

g R2 = 0.995� (36)

	
CD − 6 kLa = 0.0808

(
P

V

)0.40
u0.71

g R2 = 0.99� (37)

	
P − 0.15 − T15B20 − AM15 kLa = 0.1068

(
P

V

)0.37
u0.75

g R2 = 0.99� (38)

	
P − 0.1 − T15B20 − AM30 kLa = 0.092

(
P

V

)0.38
u0.72

g R2 = 0.99� (39)

The results indicate that the mass transfer rate fits well with the impeller power consumption and superficial gas 
velocity, and is consistent with the results reported in the literature32,56,57, which further validates the accuracy 
of our simulation results. Based on the experimental settings of this study, by adjusting the range of rotation 
speed and aeration ratio, the calculated ranges of the dimensionless constants Reynolds number Re and Froude 
number F r are 6.67 × 104—3.33 × 105 and 0.056—1.417, respectively. These data indicate that the fluid within 
the reactor is in a turbulent state, and as the stirring speed increases, the flow state transitions from relatively 
stable to unstable. Figure 13 shows the power number as a function of Reynolds number for the four impellers. 
Generally speaking, there is a positive correlation between stirring power criterion and Reynolds number. 
However, when the turbulent state is reached (Re > 4 × 103), the power number will remain stable, as shown 
in Fig. 13. Compared to RT and CD-6, there is a significant decrease in the P o of P-0.15-T15B20-AM15° and 
P-0.1-T15B20-AM30°due to the increase in blade curvature and the increased bending of the blade reduces 
the resistance of the fluid acting on the blade19. And the power number of P-0.15-T15B20-AM15°and P-0.1-
T15B20-AM30°are basically the same, indicating that the configuration of 0.15-AM15° and 0.1-AM30° has the 
same effect in reducing power consumption.

Figure 12.  (continued)
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To sum up, within the operational scope of this study, the new impeller designed in this paper is suitable for 
most practical production systems involving gas-filled stirred tanks.

Conclusions
In response to the specific demands of microbial aerobic fermentation processes, this research has employed a 
methodology synergistically combining CFD with Taguchi’s experimental design strategies to refine the design 
of the impeller blades within a disc turbine. The focus has been on optimizing the blade’s curvature, the degree 
of asymmetry, and the radial bend angle, thereby enhancing gas–liquid mass transfer efficiency and concurrently 
reducing energy consumption. The principal findings of this investigation are summarized as follows:

(1) The optimal combination of control factors is determined as follows: the blade shape P-0.1-T20B20-A0° 
yields the highest kLa; the blade shape P-0.2-T10B20-AM30° requires the least P/V ; and the blade shape P-0.1-
T15B20-AM30° achieves the maximum EV .

(2) Statistical analysis indicates that the coefficient a significantly influences both kLa and P/V , whereas EV  
is not significantly affected. The degree of upper and lower blade asymmetry significantly impacts P/V  and EV

, but not kLa. The radial bend angle demonstrates a significant impact on kLa, P/V , and EV .
(3) Under conditions of 100–500 rpm rotational speeds and 0–1.8 vvm aeration rates, the average power 

demand of the P-0.1-T15B20-AM30° impeller is merely 31.2% of that for the RT impeller and 46.1% of that for 
the CD-6 impeller, while the average volumetric oxygen transfer coefficient kLa remains at 52.3% of the RT 
impeller and 68.9% of the CD-6 impeller. The average EV  values are increased by 12.4% and 8% over the RT and 
CD-6 impellers, respectively. In most conditions involving rotational speeds and aeration rates, the EV  value of 
the P-0.15-T15B20-AM15° impeller exceeds that of the P-0.1-T15B20-AM30° impeller, making it more suitable 
for energy-efficient production within the aerobic fermentation process.

(4) Based on the findings of this study, insights are provided for the development of novel impeller 
configurations in bioreactors to promote energy-efficient production in aerobic fermentation processes. The 
integration of CFD with data-driven approaches represents an emerging direction for the design optimization 
of bioreactor impellers.

Figure 12.  (continued)
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