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Abstract: Frame blades were used to replace traditional propeller blades to enhance the leaching step efficiency of 
Becher process. A combined approach of leaching, electrochemical experiments, and numerical simulations was 
employed. Results demonstrate a significant improvement in leaching efficiency using frame blades compared to 
propellers, reducing reaction time from 15 to 10 h. Even at a stirring speed of 300 r/min, frame blades perform better 
than propellers at 500 r/min. Kinetics analysis indicates that the leaching process is controlled by surface chemical 
reactions. CFD−PBM simulations reveal that frame blades at 300 r/min generate larger bubbles and higher turbulent 
kinetic energy than propeller blades at 500 r/min. Frame blades enhance leaching efficiency by refining bubble size to 
improve oxygen mass transfer and by increasing turbulent kinetic energy for better mixing. 
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1 Introduction 
 

Synthetic rutile (SR) is a titanium-rich material 
prepared by removing non-titanium impurities from 
ilmenite and is widely used in industries such    
as coatings, plastics, aerospace, and more [1,2]. 
Currently, SR is prepared using methods such as the 
Murso [3], Kataoka [4], Austpac [5], and Becher 
processes. Methods other than the Becher process 
often require concentrated acid leaching, which 
poses challenges to environmental protection. In 
contrast, the Becher process generates neutral 
wastewater, requires fewer chemical reagents, and 
produces recyclable pure iron oxide as a by- 
product, thereby reducing environmental pollution 
and resource wastage [6,7]. The Becher process 
involves the reduction of iron oxide with carbon to 
produce metallic iron, resulting in the formation of 
reduced ilmenite (RI), as shown in Reactions (1) 

and (2) [8]. Subsequently, the metallic iron in RI is 
leached out using an aerated solution, as depicted in 
Reactions (3)−(7) [9]:   
2FeTiO3+CO→FeTi2O5+Fe+CO2                    (1)  
FeTi2O5+CO→Fe+2TiO2+CO2                       (2)  
Fe→Fe2++2e                             (3)  
O2+2H2O+4e→4OH−                                  (4)  
2Fe2++5H2O+1/2O2→2Fe(OH)3+4H+              (5)  
Fe(OH)3→FeOOH+H2O                   (6)  
2FeOOH→Fe2O3+H2O                    (7)  

Due to the significance of environmental 
issues, the Becher process has been increasingly 
applied. However, the rust leaching step in 
industrial settings is plagued by inefficiency, 
sometimes taking up to 20 h and thus becoming a 
major source of energy costs [10]. In light of    
this, researchers have proposed various strategies  
to enhance rust leaching efficiency [11−16]. Some 
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studies suggest increasing oxygen pressure to 
improve rust leaching efficiency, but this could 
result in more pronounced “in-situ rusting,” which 
may lower the grade of synthetic rutile [11,12]. 
Furthermore, some researchers have explored rust 
leaching catalysts, including citric acid [13], acetic 
acid [14], organic acids, as well as sugars like 
sucrose [15], glucose [16], and their roles in rust 
leaching. These additives indeed improve efficiency, 
and their primary mechanism is currently believed 
to be the reduction of pH value. In the past decade, 
BRUCKARD et al [10,17] reported anthraquinone 
sulfonate-based redox catalysts that can enhance  
the rate of oxygen reduction reactions, thereby 
improving rust leaching rates. However, due to cost 
considerations, these catalysts have not yet been 
industrially applied. Additionally, optimizing the 
mixing effect of gas−liquid−solid three-phase 
systems is another way to improve rust leaching 
efficiency. Our previous research also indicated that 
converting traditional vertical reactors into 
horizontal ones is also an effective method for 
improving rust leaching efficiency [18]. 

For the rust leaching process, an ideal stirring 
blade should achieve the uniform suspension of 
solid particles and promote the dispersion of 
oxygen. In industries such as food and fermentation, 
during the rust leaching process [19], as the reaction 
progresses, the accumulation of iron oxides 
increases, leading to a rise in the solid content of 
the slurry. Consequently, a propeller blade may not 
operate efficiently under these conditions. Using 
impellers with combined or mixed geometries is a 
more effective solution. ESPINOSA et al [20] 
reported that a combination of Rushton turbines and 
helical ribbon impellers demonstrated superior 
mixing performance in xanthan gum solutions 
compared to individual impellers. KAMLA et al [21] 
studied the effects of the geometric shapes, number 
of blades, and tilt angles of anchor impellers on 
mixing efficiency, showing that the new impellers 
can significantly enhance fluid flow. Effectively 
improving mixing characteristics can be achieved 
by increasing the number of blades and tilt   
angles. KAZEMZADEH et al [22] reported the 
combination of anchor and Scaba impellers, noting 
that the consistency index and speed ratio of the 
two impellers are important factors influencing 
mixing efficiency. In conclusion, improving mixing 

effects through combinations and changes in 
impeller shapes can enhance process efficiency. 

Currently, there are few reports on the 
optimization of stirring blades in the leaching field, 
and no numerical simulation studies have been 
conducted. To address this gap, in this work,      
a frame blade was proposed to enhance the  
leaching efficiency and numerical simulations were 
conducted to investigate its mechanism. Then, the 
impact of temperature, rotation speed, and additives 
on leaching efficiency was examined. Finally, the 
acceleration mechanism was discussed through 
kinetics analysis and CFD simulations. This study 
aims to pave the way for optimizing vertical rust 
leaching reactors by investigating the role of frame 
blade in rust leaching process. 
 
2 Experimental 
 
2.1 Materials 

RI specimen utilized in this investigation was 
obtained from a manufacturer located in Guangxi, 
China. Samples with a high iron metallization 
efficiency were produced using a rotary kiln 
reduction process. The AR reagents were procured 
from the National Pharmaceutical Chemical 
Reagent Co., Ltd., China. 

Table 1 shows the main chemical compositions 
of RI. The results reveal that RI is predominantly 
composed of 60.0 wt.% TiO2 and 27.3 wt.% 
metallic iron (MFe), with 4.31 wt.% FeO, alongside 
trace amounts of Mn, Si, Mg, and Al. The iron 
metallization efficiency of RI is 89.4%. The 
structure and morphology of RI were analyzed 
through XRD, SEM, and particle size testing, with 
specific results illustrated in Fig. 1. The SEM 
micrograph (Fig. 1(a)) reveals the presence of 
irregularly embedded particles on the surface of RI. 
The EDS point results (Fig. 1(b)) indicate that the 
embedded small particles are metallic iron, and the 
matrix consists of TiO2. Figure 1(c) indicates that 
80% of RI particles are distributed within the range 
of 126−325 μm. The XRD patterns (Fig. 1(d)) 
elucidate that RI is primarily composed of metallic 
iron (MFe), rutile (TiO2), and a minor quantity of  
 
Table 1 Main chemical compositions of RI (wt.%) 

TiO2 MFea FeO TFeb CaO MgO Al2O3 SiO2 Mn 

60.0 27.3 4.31 30.55 0.227 0.36 1.09 1.45 1.05 
a Metallic iron (MFe); b Total iron (TFe) 
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pseudobrookite (FeTi2O5). 
 
2.2 Experimental equipment and method 

The experiment was conducted in a 3L glass 
vessel, equipped with an inlet tube and a water bath. 
Two varieties of impellers were employed: the 
modified frame blade and the propeller blade 
commonly used in the rust leaching process. The 
schematic diagram of the experimental system is 
depicted in Fig. 2. 

During the rust leaching experiment, a 1.8 L 
2% (mass-to-volume ratio) NH4Cl solution was first 
heated in a water bath, followed by the agitation of 
the solution after adding RI. Compressed air was 
continuously introduced into the solution through 
air tubes, maintaining a gas flow rate of 0.1 m3/(L·h). 
Solid-phase samples were extracted every 2 h and 
subsequently washed to remove iron oxides. 
Additional water was added to compensate for 
solution loss due to evaporation and atomization in 
the airflow. After the experiment, fine iron oxides 
were separated using a wet screening method     
to obtain SR. The SR was then dried and analyzed, 
while the iron oxides were isolated for subsequent 
examination. 

2.3 CFD simulation 
In this study, gas−liquid−solid three-phase 

mixing process in the rust leaching process was 
simulated using ANSYS Fluent software. The 
Euler−Euler model was employed to establish 
momentum equations and continuity equations for 
the phases, while the standard K−ε (K is the 
turbulent kinetic energy; ε is the turbulence energy 
dissipation rate) turbulence model was utilized to 
simulate turbulence [23]. A pseudo-transient solver 
was applied to solving the model’s discrete 
equations. 

During the simulation process, the multiple 
reference frame (MRF) method based on a steady- 
state algorithm was employed. The network 
topologies of the reactor equipped with the frame 
blade and the propeller blade are depicted in 
Figs. 3(a, b), respectively. For the MRF method, the 
reactor region was divided into two distinct areas: 
the stationary external region and the internally 
rotating region due to the rotation of the impeller, as 
depicted in Fig. 3. To enhance the result accuracy,  
a finer mesh was applied to the rotating internal 
region [24]. Additionally, the outer layer was 
defined as the non-rotating region using a coarser 

 

 
Fig. 1 SEM image (a), EDS point results (b), particle size distribution (c) and XRD patterns (d) of RI 
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Fig. 2 Schematic diagram of experimental setup (a) and 
stirring blade (b) 
 

 
Fig. 3 Grid topologies set of reactor equipped with frame 
blade (a) and propeller blade (b) 
 
mesh. For the frame blade and the propeller blade, 
simulations were conducted with 601773 and 
427773 grids, respectively. A population balance 
model (PBM) was employed, with bubble size 
ranging from 1 to 8 mm [24−27]. The particle 
diameter and density of solid-phase particles are 
200 μm and 4200 kg/m³, respectively, derived from 
TiO2 test results. The axial filling length (H) of the 
reactor was 0.1 m, and the data were processed 
using Tecplot software. 
 
2.4 Electrochemical methods 

The electrochemical impedance spectroscopy  
(EIS) measurements were conducted using the 
Zahner electrochemical workstation (Zennium Pro, 
Germany). The metallic iron electrode consisted of 
a 10 mm × 10 mm × 5 mm metal iron block. After 
soldering the sample to wires, it was embedded in 
epoxy resin to serve as the working electrode. The 
exposed area was a square with a surface area of 
1 cm2, facilitating control over the corrosion area. 
Samples were polished with silicon carbide paper  
to P3000 grit, followed by ultrasonic cleaning with 
ethanol, rinsing with distilled water, and drying 

[28,29]. Platinum foil was employed as the counter 
electrode, and the Ag/AgCl electrode (saturated 
with potassium chloride) served as the reference 
electrode. The EIS tests were carried out in the 
frequency range from 100 kHz to 10 mHz, applying 
a sinusoidal AC perturbation with an amplitude   
of 10 mV (root mean square) relative to the    
open circuit potential [30,31]. The acquired EIS 
data underwent equivalent circuit fitting using 
ZsimpWin software. The schematic diagram of  
the electrochemical testing equipment is shown in 
Fig. S1 in the Supplementary Information. 
 
2.5 Analytical method 

The metallic iron content of the samples was 
determined by potassium dichromate titration [18]. 
The leaching efficiency (μ) was defined as follows: 

1 1

0 0
1 100%w m

w m
µ

 
= − × 
 

                    (8) 

where w0 is the mass fraction of metallic iron in RI, 
m0 is the mass of RI, w1 is the mass fraction of 
metallic iron in the samples obtained during the 
leaching process, and m1 is the mass of the synthetic 
samples obtained during the leaching process. 

The morphology and composition of the 
samples were characterized using a scanning 
electron microscopy equipped with an energy 
dispersive spectrometer (SEM−EDS, ZEISS 
Gemini 300, Germany), a particle size analyzer 
(Laser Particle Sizer, BT−9300S, China), an X-ray 
fluorescence spectrometer (XRF, ZSXPrimusIV, 
America), and an X-ray diffractometer (XRD, D8 
Advance, Germany). 
 
3 Results and discussion 
 
3.1 Effect of frame paddles on rust leaching 

process 
Three single-factor experiments were carried 

out on reactors equipped with both frame and 
propeller blades. In these experiments, temperature, 
stirring speed, and hydrochloric acid addition were 
varied, to evaluate the effect of frame blade on the 
metal iron removal efficiency. The temperature, 
hydrochloric acid concentration, and stirring speed 
were 50−80 °C, 1.5% (mass-to-volume ratio), and 
300−500 r/min, respectively. 

The results of temperature experiments are 
shown in Figs. 4(a, b). As the temperature increases, 
the corrosion rate of metallic iron correspondingly 
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rises [32], resulting in a continuous increase      
in leaching efficiency. The leaching efficiency 
indicator, set to measure the completion of the 
reaction, is established at 95%. When employing 
frame blades, the reaction concludes approximately 
after 11 h; whereas with propellers, it takes around 
16 h. The application of framed blades shortens the 
reaction time by 5 h and significantly improves the 
rust leaching efficiency. 

As shown in Figs. 4(c, d), the results of the 
stirring speed experiment indicate that leaching 

efficiency increases with increasing stirring speed. 
It is noteworthy that even under the condition of 
300 r/min, the frame blades still outperform the 
propellers at 500 r/min in terms of leaching 
efficiency. 

Previous research showed that the addition of 
hydrochloric acid can enhance leaching efficiency 
[14]. Therefore, we conducted experiments utilizing 
a 1.5% hydrochloric acid to compare these two 
types of blades. The experimental results, as shown 
in Fig. 4(e), demonstrate a significant improvement  

 

 
Fig. 4 Effect of temperature (a, b), stirring speed (c, d) and addition of 1.5% hydrochloric acid (e) on leaching 
efficiency of metallic iron from RI using frame blade (a, c, e) and propeller blade (b, d, e) (The NH4Cl concentration 
was 2% in all experiments, and “F” and “P” mean frame and propeller blades, respectively) 
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in leaching efficiency after the addition of 
hydrochloric acid. The leaching time was reduced 
to 10 h with frame blades, and to 14 h with 
propellers. 

We conducted SEM and XRD analyses on 
samples obtained after the completion of leaching. 
The morphology of the leached products is depicted 
in Figs. 5(a, b). Upon observation, the small 
particles protruded from the surface disappeared, 
leaving numerous pores on the substrate. Further 
magnification (Fig. 5(b)) reveals that the walls of 
the pores are adorned with small particles. The EDS 
point testing of the substrate and particles, as 
depicted in Fig. 5(d), indicates that the substrate is 
primarily TiO2, and the small particles consist of 
iron oxides. This phenomenon is attributed to the 
“in-situ rusting” phenomenon [4,8] during the 
leaching process, where some leached Fe2+ cannot 
promptly enter the solution and precipitates in the 
pores through oxidation and hydrolysis, thus 
impeding the diffusion of Fe2+. The XRD pattern in 
Fig. 5(c) shows that the product primarily consists 
of rutile-phase titanium dioxide, along with residue 
of titanium−iron oxide unreduced during the 
reduction step. 

3.2 Kinetics results of rust leaching 
The process of leaching metallic iron from 

rusted ilmenite is essentially a solid−liquid reaction. 
As depicted in the SEM images in Fig. 5, the 
product retains a shell. Therefore, we utilized the 
unreacted shrinking core model (USCM) [33,34] to 
compare and evaluate the leaching kinetics 
characteristics obtained using the two types of 
blades. Generally, the reaction rate is primarily 
determined by one of three factors: liquid film 
diffusion, internal diffusion within the product  
layer, and surface chemical reaction. The kinetic 
equations for these three cases are as follows:  
r=k1t                                   (9)  
1−3(1−r)2/3+2(1−r)=kpt                   (10)  
1−(1−r)1/3=krt                           (11)  
where r represents rust leaching efficiency of 
metallic iron; kl, kp and kr are the apparent rate 
constants (min−1) for diffusion in the liquid film 
layer, diffusion within the product layer, and surface 
chemical reaction, respectively; t is the time (min). 

After fitting the experimental data obtained 
under different conditions using Eqs. (9)−(11), it  

 

 

Fig. 5 SEM images with different magnifications (a, b), XRD (c), and corresponding EDS point results (d) of products 
obtained after rust leaching 
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was found that the fitting coefficient of Eq. (11) 
was the highest. The fitted curves are depicted in 
Figs. 6(a, b), while the correlation coefficients (R2) 
and apparent rate constants (k) are summarized in 
Table 2. The results indicate that the rust leaching 
process is primarily controlled by surface chemical 
reaction, which is consistent with previous reports 
[16]. In particular, the apparent reaction rate 
constant of frame blades exceeds that of propeller 
blades, suggesting that frame blades enhance    
the reaction rate. This enhancement is likely 
attributable to their ability to accelerate oxygen 
mass transfer, thereby increasing the dissolved 
oxygen content and subsequently enhancing the 
leaching efficiency. 

 
Table 2 Apparent rate constant k values and correlation 
coefficient R2 in kinetic model of 1−(1−r)1/3=kt 

Temperature/ 
°C 

Frame blade  Propeller blade 

k/10−3 min−1 R2  k/10−3 min−1 R2 

50 42.23 0.98  24.21 0.99 

60 48.28 0.98  29.17 0.99 

70 54.83 0.99  34.66 0.99 

80 60.18 0.98  40.69 0.98 
 

To validate the rust leaching kinetics results, 
the electrochemical impedance spectroscopy (EIS) 
testing on metallic iron was conducted to analyze 
its electrochemical corrosion kinetics. The Nyquist 
plot and fitted circuit of the EIS are illustrated    
in Fig. 6(c) and Fig. S2 in the Supplementary 
Information, respectively. In the temperature range 
of 50−80 °C, the Nyquist plot of the electro- 
chemical impedance spectrum at the start of the rust 
reaction (marked as 0 h in the curve) consists of 
two depressed semicircles at high frequency (HF) 
and low frequency (LF), both fitted with capacitor 
circuits, as illustrated in Fig. S2(a) in the 
Supplementary Information. The capacitor circuit at 
HF is associated with the presence of charge 
transfer resistances and Faradaic double layer 
capacitance, while the capacitor circuit at LF is 
formed by resistance and capacitance of adsorbed 
substances, such as iron ammine complexes. The 
appearance of the capacitor circuit representing 
charge transfer indicates that charge transfer is 
limited, and the reaction is controlled by electro- 
chemical reaction. From 0 to 12 h, the Nyquist plot 
transits from two depressed semicircles in the first  

 

 
Fig. 6 (a, b) Relationship between 1−(1−r)1/3 and leaching 
time in temperature-variable experiments using frame 
blade and propeller blade, respectively; (c) EIS results of 
metallic iron in different rust leaching conditions (The 
points represent the results of EIS; The solid line 
represents the results fitted with the equivalent circuit in 
Fig. S2 in the Supplementary Information) 
 
quadrant to one depressed semicircle at HF in the 
first quadrant and one at LF in the fourth quadrant. 
The depressed semicircle in the fourth quadrant is 
fitted with an inductive circuit, attributed to the 
large amount of iron oxides produced in the later 
stages of rusting. Throughout this process, no 
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Warburg impedance (characterized by a straight line 
with a 45° slope) is observed, indicating that the 
rusting process belongs to the electrochemical 
control [35−38]. 
 
3.3 Simulation results of gas−liquid−solid three- 

phase mixture and mass transfer characteristics 
A combined approach of computational fluid 

dynamics (CFD) simulation and population balance 
model (PBM) was employed to investigate the 
mixing and mass transfer performance of frame 
blade and propeller blade in the reactor. During the 
computation process, a solid loading of 10% was 
used, with stirring speeds ranging from 300 to 
500 r/min. 

Figures 7(a, b), (c, d), and (e, f) depict the flow 
fields generated by frame blade and propeller blade 
at 300, 400, and 500 r/min, respectively. The color 
intensity in the contour and streamlines represents 
the magnitude of velocity in each region. It can be 
observed that with the increase in the stirring speed, 
the velocity of the liquid in the system increases, 
and the flow field generated by the blade primarily 
develops along the axial direction. The larger 
stirring area of the frame blade results in higher 
flow velocities throughout the field, with reduced 
velocity attenuation. 

Turbulent kinetic energy, which describes the 
distribution of fluid flow intensity and kinetic 
energy during agitation, serves as an effective  

 
Fig. 7 Flow field and velocity magnitudes generated   
by frame blade (a, c, e) and propeller blade (b, d, f) at 
different stirring speeds: (a, b) 500 r/min; (c, d) 400 r/min; 
(e, f) 300 r/min 

indicator for evaluating mixing efficiency. Figures 8, 
S3 and S4 in the Supplementary Information 
respectively illustrate the distribution of turbulent 
kinetic energy under conditions of 500, 400, and 
300 r/min. The axial slice at 500 r/min (Fig. 8) 
shows that the turbulent kinetic energy generated by 
frame blade far exceeds that of the propeller blade. 
Its is maximal near the blade and its distribution 
remains relatively uniform in regions farther away 
from the blades. In contrast, the propeller blade 
generates less turbulent kinetic energy, which 
attenuates more quickly. Similar differences are 
observed at 400 and 300 r/min, which also 
contribute to the higher leaching efficiency of the 
frame blades. Additionally, at 300 r/min, the frame 
blade still generates more turbulent kinetic energy 
than the propeller blade at 500 r/min, which may 
account for the superior leaching efficiency of the 
frame blade at 300 r/min compared to that of the 
propeller blade at 500 r/min. 

In gas−liquid−solid three-phase systems, the 
size distribution of bubbles plays a crucial role in 
the interphase mass transfer efficiency of oxygen. 
Smaller bubbles can enhance the mass transfer 
efficiency of oxygen [24]. Therefore, we evaluated 
the bubble size distribution under different 
conditions. Under the condition of 500 r/min, frame 
blade exhibits a significant presence of small 
bubbles in the 0−2.3 mm range (Fig. 9), compared 
to the bubble size distribution of the propeller blade 
(as shown in Fig. 10), which notably enhances the 
oxygen mass transfer efficiency. The formation of 
small bubbles is mainly attributed to the collision 
between bubbles and the stirring blades, as well as 
the presence of high turbulent kinetic energy [24,39]. 
The lower turbulent kinetic energy generated by the 
propeller, coupled with the limited area where the 
blades interact with the fluid, results in less efficient 
bubble breakup, allowing bubbles to grow larger as 
they rise. Consequently, primarily large bubbles 
exist during the agitation process with the propeller 
blade. Even with reduced stirring speeds at 400 and 
300 r/min (Figs. S5 and S6 in the Supplementary 
Information), the frame blade still produces an 
abundance of small bubbles. However, the bubble 
size distribution of the propeller at 400 and 
300 r/min (Figs. S7 and S8 in the Supplementary 
Information) indicates that with decrease in stirring 
speed, bubble growth accelerates significantly, with a 
noticeable increase in large bubbles (5.3−8.0 mm) 
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Fig. 8 Axial turbulent kinetic energy contour plots of frame blade and propeller blade at 500 r/min (Z indicates the axial 
length of the slice, and H represents the loading height of the reactor) 
 

 
Fig. 9 Bubble size distribution generated by frame blade at 500 r/min 
 
and a decrease in bubbles ranging from 3.5 to 
5.3 mm. Therefore, the superior ability to  
fragment and refine bubbles is one of the reasons 
why frame blade can enhance the efficiency of rust 
leaching. 

The suspension of solid particles also plays a 
crucial role in affecting the efficiency of rust 

leaching. The solid distribution of frame and 
propeller blades at 500 r/min is shown in  
Figs. 11(a) and (b), respectively. Observations show 
that both can suspend solid particles uniformly, 
indicating that solid mixing efficiency is not one of 
the reasons why frame blades enhance leaching 
efficiency. 
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Fig. 10 Bubble size distribution generated by propeller blade at 500 r/min 
 

 

 
Fig. 11 Solid particle distribution generated by frame 
blade (a) and propeller blade (b) at 500 r/min 
 
4 Conclusions 
 

(1) Under the conditions of 1.5% HCl, 2% 
NH4Cl, 500 r/min, and 80 °C, the reaction time is 
reduced from 15 h with the propeller blade to 11 h 
with the frame blade. 

(2) Leaching process is primarily controlled by 
surface chemical reactions. EIS tests on metallic 
iron confirm that the rusting process is consistently 
controlled by electrochemical reactions, consistent 
with the kinetics results obtained from the leaching 
process. 

(3) CFD−PBM method shows that the frame 

blade generates a predominantly axial flow field 
with higher velocities and lower attenuation. The 
stronger fragmentation capability of the frame blade 
results in a large number of small bubbles, 
enhancing oxygen mass transfer efficiency. This is 
the primary reason for the improved leaching 
efficiency. 
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摘  要：采用框式桨叶替代传统螺旋桨叶，以增强 Becher 工艺浸出步骤的效率。采用浸出实验、电化学实验和数

值模拟相结合的方法。结果表明，与螺旋桨叶相比，框式桨叶显著提高了浸出效率，将反应时间从 15 h 缩短到

10 h。即使在搅拌速率为 300 r/min 时，框式桨叶的性能也优于 500 r/min 的螺旋桨叶的性能。动力学分析表明，

浸出过程由表面化学反应控制。CFD−PBM 模拟显示，与 500 r/min 时的螺旋桨叶相比，300 r/min 时框式桨叶产

生的气泡较大、湍流动能较高。框式桨叶通过减小气泡尺寸提高氧气传质和通过增强湍流动能实现更好的混合来

提高浸出效率。 

关键词：Becher 工艺；CFD−PBM 法；框式桨叶；还原钛铁矿；合成金红石；锈蚀浸出 
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