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Fig. 1 Schematic of experimental system 
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Fig. 2 Relationship between fluorescence intensity and Fe3+ concentration 
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Fig. 3 Liquid reaction process 
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Fig. 4 Relationship between θ and t under different air flow rates 
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Fig. 5 Relationship between θ and t under different lance submerged depths of the spray gun 
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Fig. 6 Reaction time t95 for different lance submerged depths 
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Fig. 7 Liquid reaction process for Fe3+ injection at point B 
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Fig. 8 Effect of air flow rate on reaction time t95 when Fe3+ is injected at points A and B respectively 
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Fig. 9 Effect of lance submerged depth on reaction time t95 when Fe3+ is injected at point A and B 
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Fig. 10 Reaction time t95 under different initial volumes V0Fe3+ 
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Fig. 11 Reaction time t95 under different initial concentrations C0Fe3+ 

Page 11 of 24

Wiley-VCH

Fuel Cells

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

1Visualization of Liquid Reaction in Submerged Top-blow 
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nming University of Science and Technology, Kunming, Yunnan 650093, China.
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Dresden, Germany.

4School of Energy Science and Engineering, Central South University, Changsha 

Hunan 410083, China.

Abstract

The liquid reaction in a submerged top-blow agitation process was studied using 

planar laser-induced fluorescence (PLIF) technology based on the principle of 

fluorescence quenching. The liquid reaction effects were analyzed using the reaction 

degree θ(t) and reaction time t95 under different conditions. The results show that the 

liquid reaction time decreases obviously for an increase in the air flow rate and 

submerged depth of the spray gun. The injection position of Fe3+ has a great influence 

on the reaction process; the reaction process is also different under other blowing 

conditions when Fe3+ is injected at the bottom. The reaction time of Fe3+ at the bottom 

injection position is higher than that at the top injection position; increasing the air 

flow rate and submerged depth of the spray gun can effectively reduce the difference 

in the reaction times at the two injection points. The effect of the injection position on 

[*] Corresponding author, 1332529575@qq.com

Page 12 of 24

Wiley-VCH

Fuel Cells

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

the reaction time is eliminated when the spray gun submerged depth is close to the 

reactor bottom. The initial volume of Fe3+ has no obvious effect on the reaction time; 

however, an increase in the initial molarity of Fe3+ can decrease the reaction time.   

Keywords: Fluorescence quenching reaction; Liquid reaction process; Planar 

laser-induced fluorescence; Reaction degree; Submerged top blow  

1 Introduction

Submerged top-blows are widely used in chemical, metallurgical, industrial heating, 

and other industries [1-3]. After a bubble is generated from a nozzle, it rises to the 

liquid free surface due to the effect of buoyancy and drives the surrounding liquid to 

move, resulting in a complex gas-liquid two-phase flow phenomenon, accompanied 

by a complex multiphase reaction process [4-9]. 

At present, the research on submerged top-blow agitation is mainly focused on the 

velocity distribution of the gas-liquid phase flow field and the evaluation of the 

mixing effect. Using the LES and DPM models, Seong-Mook CHO et al. [4,5] 

researched the effect of submerged argon top-blowing and a magnetic field on the 

velocity and surface fluctuation of molten steel in the steelmaking process. YS Morsi 

et al. [6,7] simulated the velocity and temperature distribution of a melt liquid in the 

submerged jet agitation process. CA Llanos et al. [9-11] studied the flow field 

velocity  means of numerical simulation, and compared and analyzed the results of 

the water distribution of gas and liquid in submerged bottom-blow and top-blow 

agitation bymodel experiment. Norifumi et al. [12-20] studied the factors which affect  

the mixing time in submerged top-blow, side-blow, and bottom-blow stirring agitation 

water model experiments, and the results showed that the air flow rate, depth of the 

molten pool, submerged depth, and diameter of the spray gun were the main factors. 

Less research has been done on the polyphase reaction process in submerged jet 

agitation [21-25]. N Huda et al. [21-23] researched the phase composition and 

reaction in the top-blow and side-blow process in zinc smelting, and simulated the 
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temperature and velocity changes in the molten pool based on the combustion model.

In recent years, planar laser-induced fluorescence (PLIF) has been widely used as a 

non-interference, visualized flow field measurement technology for the visualization 

and quantification of the concentration field [26,27], temperature field [28-30], and 

reaction process [31-34] in the liquid phase. In this research, PLIF technology was 

used to study the liquid phase reaction process in a submerged top-blow agitation 

reactor, and the characteristics of the liquid phase reaction in this reactor were 

revealed. The 2D visualization of the liquid phase reaction process was realized by 

detecting the changes in the fluorescence intensity after the reaction.

2 Experimental

As shown in Figure 1, the experiment system was composed of a planar laser, an 

injection pump, an air pump, a flowmeter, an air spray gun, a reactor, a high-speed 

camera, and a computer. The reactor was made of organic glass, and its inner 

diameter was 15.0cm. The liquid used was sodium fluorescein aqueous solution, and 

the liquid level height was 12.0cm. The inner and outer diameters of the air spray gun 

were 0.4 and 0.8cm, respectively. The air spray gun was located at the axes of the 

reactor and was vertically submerged in the liquid. The origin of the coordinates was 

the intersection of the reactor’s axes and liquid surface. In order to avoid the 

irradiation of the air spray gun and bubbles by a laser plane, the laser plane and the 

reactor’s axes were kept 2.0 cm (y = 2.0 cm) apart. The Fe3+ (FeCl3) addition point 

was located at point A (x = 0,y= 1.0 cm,z = 0) of the liquid surface and point B (x = 

0,y = 1.0 cm,z = 10.0 cm) of the liquid bottom. In order to avoid shooting interference 

due to light refraction and scattering, the reactor was placed in an organic glass tank 

which was filled with water.

Since the liquid produces a splashing phenomenon when the air flow rate is too high 

(when Q ≥ 1.0 L min-1), the air flow rate was set as 0.2, 0.4, and 0.6 L min-1(Q = 

0.2, 0.4, and 0.6 L min-1). The submerged depth of the spray gun was set as 3, 5, 7, 9, 
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and 11 cm(L = 3, 5, 7, 9, and 11 cm). Fe3+ was quickly added to the liquid(injection 

time was 0.5 s) using the injection pump after the experiment parameters were 

adjusted to the required values; the agitation time was set as 0(t = 0) at this moment, 

and the high-speed camera was used to record the fluorescence distribution on the 

laser plane continuously.

3 Results and Discussion

3.1 Quantitative Characterization Methods 

A fluorescent agent emits fluorescence when irradiated by an excitation light; when 

some substances (such as Fe3+, Cu2+, and other metal ions) are added to a fluorescent 

agent, the fluorescent molecules react with these substances, causing the fluorescence 

to decrease or disappear. These substances can produce fluorescence quenching 

effects, and are called fluorescence quenchers [33]. In this study, Fe3+ (FeCl3) was 

chosen as the fluorescence quencher for sodium fluorescein. 

The fluorescein sodium concentration CFl was 0.5 μmol L-1 in the reactor 0.1 mL of 

Fe3+ (C0
Fe

3+ = 0.1 mmol mL-1) was added to the liquid fifteen times. As the volume of 

Fe3+ added (1.5 mL) was far lesser than that of the liquid (Vliquid = 2.0 L), the total 

volume was regarded as a constant. The camera recorded the fluorescence intensity 

after the mixing, and the measured data were used to calibrate the relationship 

between the fluorescence intensity and CFe
3+. As shown in Figure 2, the fluorescence 

intensity and CFe
3+ have a linear relationship when CFe

3+ = ~ 0-50 μmol L-1 (CFe
3+/CFl 

= ~ 0-100). The fluorescence disappears completely and no longer changes when 

CFe
3+ ≥ ~ 0-50 μmol L-1 (CFe

3+/CFl ≥ 100).Therefore, unless otherwise specified, the 

initial concentration of Fe3+ was C0
Fe

3+ = 0.6 mmol mL-1 and an initial volume is 

V0
Fe

3+ = 0.3 mL was injected; therefore, CFe
3+ = 90 μmol L-1 in the reactor after the 

reaction, i.e., CFe
3+/CFl = 180 after the reaction, ensuring a complete reaction.
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In order to quantitatively describe the reaction process, this paper introduces the 

concept of reaction degree [26]; the reaction degree on the measurement plane at time 

t is calculated as follows.

Where θ(t) is the statistical value of all the pixels at time t compared to the initial state 

at t0; t0 is the time when the tracer (fluorescein sodium) is injected; and GV*(x,z,t) and 

GV*(x,z,t0) are the grey values of the position of a pixel point (x, z) after in situ 

calibration at time t and t0, respectively. The θ(t) value was 0 before the reaction and 

1 after the reaction completed. When the reaction degree is greater than 0.95 and is no 

longer less than 0.95 thereafter, the time taken is defined as the complete reaction 

time t95.

3.2 Effect of Blow Characteristics on Reaction Process

A grayscale map is transformed into a pseudo color map by subtracting the 

background value, in order to facilitate observation. The pure blue part is the 

complete reaction area and the pure red part is the unreacted area.

Figure 3 shows the liquid reaction process at different times (L = 3 cm, Q = 0.2 L 

min-1). When bubbles rise to the liquid free surface, they squeeze the nearby liquid 

and push it to both sides. Fe3+ also moves to both sides after it is added to the liquid; it 

then hits the reactor wall and moves downward. Fe3+ diffuses under the agitation of 

bubbles at the same time, and reacts with the fluorescent agent during the diffusion 

process and causes the fluorescence intensity to decrease or disappear. When the 

agitation time t = 20 s, the diffusion of Fe3+ is nearly complete under the constant 

agitation of the bubbles, and the fluorescence in the reactor almost completely 

disappears. When Fe3+ diffuses uniformly, the fluorescence disappears completely.

(1)
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Figure 4 shows the relationship between θ and the agitation time t under different air 

flow rates (L = 3 cm). The Figure shows that the reaction process is divided into three 

stages. The first stage (0 < θ < 0.1) is the beginning of the reaction process; Fe3+ has 

not been fully broken, and this makes the θ rise slowly in this stage. The second stage 

(0.1 < θ < 0.9) is the interim of the reaction process; Fe3+ is spreading rapidly under 

the agitation of bubbles, and this makes the θ rise rapidly. The final stage (0.9 < θ < 1) 

is the end of the reaction process; Fe3+ is fully dispersed, and the Fe3+ concentration 

tends to be constant in the reactor, and this makes the θ rise slowly and become stable. 

In addition, the Figure shows that the beginning stage become shorter as the air flow 

rate increases. The greater the air flow rate, the higher the θ under the same stir time 

in the interim stage. The reaction time t95 decreases as the air flow rate increases, 

because the higher flow rate makes the agitation more intense,resulting in a more 

quick reaction. 

Figure 5 is the plot of θ vs stir time t under different air lance submerged depths of the 

spray gun (Q = 0.2 L min-1). The Figure shows that at a greater depth, the θ rises 

faster. The liquid is fully stirred when the lance is moved towards the bottom of the 

liquid (L = 9, 11 cm);Fe3+ is quickly broken and spread. The reaction time t95 

decreases as the spray gun submerged depth increase. This is because the deeper 

submergence can increase the rise time of the bubbles; the agitation of the liquid is 

intensified, and this promotes the progress of the reaction.

Figure 6 shows the reaction time t95 for different submerged depths of the spray gun. 

As shown, the reaction time t95 decreases for a higher submerged depth under the 

same air flow rate. The minimum reaction time t95 is 13.56 s at L = 11 cm and the 

maximum reaction time t95 is 23.04 s at L = 3 cm when Q = 0.2 L min-1. In addition, 

the reaction time t95 decreases as the air flow rate increases when the lance submerged 

depth remains unchanged.

3.3 Effect of Fe3+ Injection Point on Reaction Process
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Figure 7 shows the reaction process of Fe3+ injection at bottom point B. As shown in 

the Figure, the reaction processes were quite different under various conditions when 

the Fe3+ injection point was at the bottom. When the submerged depth of the air lance 

is relatively shallow (L = 3 cm), the liquid at the bottom is difficult to fully stir using 

bubbles; the fluidity is poor, which makes it difficult for Fe3+ to diffuse after injection 

at point B, and greatly increases the reaction time. When L = 3 cm, the reaction time 

of injection at point B (29.32 s) is much longer than that at point A (23.04 s). When 

the spray gun is close to the bottom of the reactor (L = 11 cm), the bottom of the 

liquid phase is fully agitated by bubbles, and Fe3+ is rapidly brought to the upper layer 

of the liquid by bubbles after injection at point B; thus, Fe3+ is fully diffused. When L 

= 11 cm, the reaction time of injection at point B (13.42 s) is nearly consistent with 

that at point A (13.5 s).

Figure 8 shows the influence of the Fe3+ injection location on the reaction time for 

different air flow rates. The Figure shows that Fe3+ injection at either the top point A 

or bottom point B can reduce the reaction time by increasing the air flow rate. 

However, the reaction time of Fe3+ injection at the bottom point B is much longer 

than that at the top point A for the same air flow rate. The reaction times of injection 

at point B are 27.3%, 25.7%, and 19.7% higher than those at point A when Q = 0.2, 

0.4, and 0.6 L min-1, respectively. This indicates that an increase in the air flow rate 

can reduce the influence of the injection location on the reaction time. This is because 

an increase in the air flow rate results in effective agitation of the liquid at the bottom 

of the reactor and reduces the flow difference of the reactor.

Figure 9 shows the influence of the injection point location on the reaction time for 

different submerged depths of the air lance. The Figure shows that when Fe3+ is 

injected at point A or point B, an increase in the submerged depth can reduce the 

reaction time. The greater the submerged depth of the air lance, the smaller the 

difference between the reaction times of Fe3+ injection at A and B. The reaction time 

of injection at the bottom point B are 27.3%, 22.7%, and 12.2% higher than those at 

the top point A when L = 3, 5, and 7 cm, respectively. The reaction time of injection 
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at point B is consistent with that at point A when L = 9 and 11 cm, indicating that an 

increase in the submerged depth can reduce the influence of the injection point 

position on the reaction time. When the submerged depth is close to the bottom of the 

reactor, the influence of the injection point location on the reaction time is eliminated. 

This is because an increase in the submerged depth results in effective agitation of the 

liquid at the bottom of the reactor, and reduces the flow difference of the reactor. 

When the submerged depth is close to the bottom of the reactor, the liquid in the 

bottom is fully agitated by bubbles; therefore, the influence of the injection point 

location on the reaction time is eliminated.

Figure 10 shows the influence of the Fe3+ initial volume V0
Fe

3+ on the reaction time. 

The V0
Fe

3+ was set as 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, and 1.5 mL, whereas the total amount 

of Fe3+ (nFe3+) was 1.8×10-4 mol, making CFe3+ 90 mol L-1, i.e., CFe3+/CFl was 180 for 

each reaction. The injection time was 0.5 s. V0
Fe

3+ had little influence on the reaction 

time. The average reaction time was 23.19 s, and the maximum value was only 2.0% 

higher than the minimum. Although an increase in V0
Fe

3+ had a diffusion effect on 

Fe3+, it was still far less than that of liquid volume (Vliquid = 2.0 L), and the diffusion 

effect could be ignored relative to the agitation effect of the bubbles.

3.4 Effects of Initial Volume of Fe3+ (V0
Fe

3+) and Initial Concentration of 

Fe3+ (C0
Fe

3+) on Reaction Time

Figure 11 shows the influence of the Fe3+ initial concentration C0
Fe

3+ on the reaction 

time. The C0
Fe

3+ was set as 0.6, 1.2, 1.8, 2.4, and 3.0 mmol mL-1, whereas the V0
Fe

3+ 

was 0.3 mL, i.e., CFe
3+/CFl was 180, 360, 540, 720, and 900, respectively. As shown in 

Figure 11,the C0
Fe

3+ has a great influence on the reaction time. The larger the C0
Fe

3+, 

the shorter the reaction time. This is because a larger C0
Fe

3+ results in a higher the 

concentration of Fe3+ in the molecular groups formed in the diffusion process, and a 

stronger quenching effect on the fluorescence such that the reaction time is greatly 

reduced. In addition, the Figure shows that for a larger C0
Fe

3+ is, the difference 

between the reaction times for the two adjacent points is smaller.   

Page 19 of 24

Wiley-VCH

Fuel Cells

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

4 Conclusions

(i)The planar laser-induced fluorescence technique was used to measure the 

two-dimensional distribution of the liquid phase reaction in submerged top-blow 

agitation. The reaction process of the liquid phase shown an obvious difference 

under different agitation conditions.

(ii)When the submerged depth is relatively shallow, the fluidity at the bottom of the 

reactor is poor, and the fluorescence quenching agent (Fe3+) is difficult to diffuse 

after injection at the bottom, making the reaction time much longer than that at the 

top. Increasing the air flow rate and the submerged depth can improve the fluidity 

at the bottom so that Fe3+ can be fully diffused after injection at the bottom, and 

the reaction time gap between the two injection points can be narrowed. When the 

submerged depth is close to the bottom of the reactor, the reaction times for the 

two injection points tend to be consistent.

(iii)In the experiment, the initial volume of Fe3+ is much smaller than that of the 

fluorescent solution. Therefore, a change in the initial volume of Fe3+ has no 

significant effect on the reaction time; the higher the initial concentration of Fe3+, 

the shorter the reaction time.
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Figure Captions:

Fig. 1 Schematic of experimental system:1-laser, 2-injection pump(Fe3+), 3-air pump, 

4-flowmeter, 5-air spray gun, 6-reactor (Fl) , 7-square glass tank, 8-high-speed 

camera, 9-computer.

Fig. 2 Relationship between fluorescence intensity and Fe3+ concentration.

Fig. 3 Liquid reaction process(L = 3 cm, Q = 0.2 L min-1; Injection point is A).

Fig. 4 Relationship between θ and t under different air flow rates(L = 3 cm; Injection 

point is at A).

Fig. 5 Relationship between θ and t under different lance submerged depths of the 

spray gun(Q = 0.2 L min-1; Injection point is at A).

Fig. 6 Reaction time t95 for different lance submerged depths(Injection point is at A).

Fig. 7 Liquid reaction process for Fe3+ injection at point B(Q = 0.2 L min-1; a: L = 3 

cm, b: L = 11 cm).

Fig. 8 Effect of air flow rate on reaction time t95 when Fe3+ is injected at points A and 

B respectively (L = 3 cm).

Fig. 9 Effect of lance submerged depth on reaction time t95 when Fe3+ is injected at 

point A and B (Q = 0.2 L min-1).

Fig. 10 Reaction time t95 under different initial volumes V0
Fe

3+(L = 3 cm, Q= 0.2 L 

min-1; Injection point is at A).

Fig. 11 Reaction time t95 under different initial concentrations C0
Fe

3+ (L = 3 cm, Q = 

0.2 L min-1; Injection point is A).
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