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Abstract: A water model and a high-speed video camera were utilized in the 300-t RH equipment to study the effect of steel flow patterns in 
a vacuum chamber on fast decarburization and a superior flow-pattern map was obtained during the practical RH process. There are three 
flow patterns with different bubbling characteristics and steel surface states in the vacuum chamber: boiling pattern (BP), transition pattern 
(TP), and wave pattern (WP). The effect of the liquid-steel level and the residence time of the steel in the chamber on flow patterns and de-
carburization reaction were investigated, respectively. The liquid-steel level significantly affected the flow-pattern transition from BP to WP, 
and the residence time and reaction area were crucial to evaluate the whole decarburization process rather than the circulation flow rate and 
mixing time. A superior flow-pattern map during the practical RH process showed that the steel flow pattern changed from BP to TP quickly, 
and then remained as TP until the end of decarburization. 
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1. Introduction 

The production of ultra-low carbon steel has increased 
because of the demand of steel products with high-strength 
and excellent deep-draw ability. High-speed decarburization 
of the Ruhrstahl–Hereaeus (RH) refining equipment is an 
effective technology for ultra-low carbon and high-quality 
steel production [1]. Gas and liquid flow behavior play an 
important role in the steel mixing and decarburization 
process in the RH, as Li et al. [2–3] studied. Geng and 
Zheng [4] studied decarburization and inclusion removal in 
RH equipment including ladle, vacuum vessel, up-leg, and 
down-leg. Furthermore, the ladle bottom blowing was em-
ployed in the RH degasser, which indicated that bubbles are 
important for decarburization. However, the influence of 
characteristics of the gas–liquid flow was not given. 

In terms of a chemical reactor, the RH can be regarded as 
an external-loop gas-lift reactor with a high efficiency of 
homogenization and intense mixing. Gas-lift reactors have 

gained much attention from researchers and numerous in-
vestigations which have been made on the characteristics of 
the gasliquid two-phase flow [5–6]. The results showed 
that the two-phase flow patterns would influence the flow 
phenomena, the system stability, and the mass transfer 
process [7–8]. However, the fundamental research on the 
gas–liquid flow of the RH reactor is still insufficient in the 
metallurgy field and most studies focus on the steel flow 
phenomena, such as mixing time [9–10] and circulation 
flow rate [11–12]. Kato et al. [13] presented a quantitative 
investigation of the influence of the fluid flow regime, such 
as a perfect mixed flow, a plug flow and a non-ideal flow, in 
the ladle on the reaction rate. However, it did not involve the 
influence of fluid flow behavior, especially the gasliquid 
two-phase flow in a vacuum chamber, on the reaction rate. 
Furthermore, the work environment of the RH equipment is 
different from the ordinary gas-lift reactors. That is, the 
pressure of the RH gas–liquid separation chamber (vacuum 
chamber) is much lower than the others, which induces dif-
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ferent flow patterns. As the vacuum chamber of the RH is 
the main decarburization reaction site, it is necessary to 
analyze the gasliquid two-phase flow in the vacuum 
chamber in detail for a better understanding of the hydrody-
namics and optimum operation of the reactor. 

There are several difficulties in this study. First, it is dif-
ficult to measure the fluid flow characteristic in the sealed 
vacuum chamber. Second, due to the high flow velocity in 
chamber, it is difficult to capture and record the fluid flow 
behavior by an ordinary camera. 

After the two difficulties are overcome, this work concen-
trates on the effect of the gas–liquid flow pattern and flow 
characteristics in the vacuum chamber on fast decarburization. 
Based on the laboratory water model experiment, the fluid be-
havior of the two-phase flow was monitored by a high-speed 
video camera and the residence time of the fluid in the cham-
ber was tested by a conductivity meter. The flow patterns of 
the gas–liquid flow in the chamber and the boundaries be-
tween them were obtained. In addition, a superior flow-pattern 
map obtained during the practical RH process and a better 
evaluation index of the decarburization process were studied. 

2. Experimental 

2.1. Apparatus 

The 300-t RH was used as a prototype to study the flow 

patterns in a vacuum chamber. The model of the RH was 
constructed with a scale factor of 1:6, by considering the 
dynamic and geometric similarity criteria based on the mod-
ified Froude and Reynolds numbers. Table 1 presents the 
main parameters of the prototype and the physical model. 

Fig. 1 shows a schematic view of the physical model of 
the RH degasser with the tester used in the tests. Air and tap 
water were used as the gas and liquid phases, respectively. 
The water was circulated in the RH because of the density  

Table 1.  Dimensions of the RH system and physical parameters 

Parameter Prototype Water model

Height of ladle / m 4.20 0.70 

Up diameter of ladle / m 3.92 0.65 

Down diameter of ladle / m 3.64 0.61 

Steel level in ladle / m 3.92 0.65 

Diameter of vacuum chamber / m 2.52 0.42 

Inner diameter of snorkels / m 0.75 0.125 

Outer diameter of snorkels / m 1.50 0.25 

Length of snorkels / m 1.65 0.275 

Gas density / (kgm–3) 1.784 1.293 

Liquid density / (kgm–3) 7869 1000 

Liquid viscosity / (Pas) 0.0064 0.0009 
 

 
Fig. 1.  Schematic diagram of the experimental set-up of the RH model. 
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difference between the up-leg and the down-leg. The air, 
supplied by a compressor, was injected into the up-leg 
snorkel through 16 nozzles near the bottom. The gas-flow 
rates were measured by gas-flow meters and controlled ma-
nually. To equally distribute the gas among the 16 nozzles, 
the air was first injected into the central region and finally 
exhausted to the atmosphere by the vacuum pump. The 
pressure in the vacuum chamber was monitored by a pres-
sure gage and controlled manually. The levels of water in 
the vacuum chamber were controlled by a vacuum pump 
and measured by a ruler. 

2.2. Experimental method 

Two types of experiments were performed in the present 
work. One type was the evaluation of the fluid flow charac-
teristics and the flow pattern, and the other type was the de-
termination of the good flow pattern during the RH process. 
2.2.1. Fluid flow characteristics 

The circulation flow rate was obtained using a 
TDS-100H ultrasonic flow meter, as shown in Fig. 1. This 
flow meter is simple and with no contact with the fluid, 
which has no influence on the fluid flow conditions. The 
circulation rate was recorded every 10 s. If the circulation 
rate value remained relatively constant for 200 s, the flow 
conditions were considered as the steady state and the cir-
culation rate was the average of the 20 values. During the 
experiments, the circulation flow rates of different liquid le-
vels in the vacuum chamber were measured. 

Fig. 1 also details the positions of the conductivity 
sensors used in the test to analyze the mixing time and the 
fluid residence time in the vacuum chamber. To get the 
mixing time, a tracer (70 mL KCl saturated solution) was 
injected into the vacuum chamber in pulse mode. For each 
operational condition simulated, changes in concentration 
were measured in the fixed position 1 (the distance away 
from the liquid level was 400 mm) by means of a conduc-
tivity meter. The flow stability of this location (400 mm 
away from the liquid level) was better than the other loca-
tions, which was obtained by preliminary experiments. 
The conductivities were continuously registered on an 
analog/digital PC board. Then, from the graph of the con-
centration as a function of time curves, one could deter-
mine the mixing time in the RH ladle (typically a 95% 
mixing time was normally sought). In this procedure, the 
mixing time at different liquid levels of the vacuum 
chamber was tested. For each liquid level, the measure-
ments of mixing time were repeated five times. Removing 
the maximum and the minimum, the average value of the 
mixing time of the RH model was obtained. 

To obtain the fluid residence time in the chamber, the 
concentration of the tracer was monitored at three different 
points at the exit of the chamber, as seen in Fig. 1. Then, 
from the concentration versus time curves, the residence 
time was the average of the response time of the three posi-
tions. The variations of the fluid residence time with differ-
ent liquid levels were also measured in this paper. 
2.2.2. Experimental decarburization time 

Fig. 1 also illustrates the position of the pH sensor 
(pH-401) used in the test to analyze the decarburization time 
in the RH model. The CO2 adsorption–desorption process 
was conducted for the simulation of decarburization [14], 
and Guo and Irons [15] mentioned that the water model of 
CO2 desorption was a good tool for the simulation of carbon 
removal from liquid steel under reduced pressure. 

In the experiments, CO2 was injected into an aqueous 
solution of sodium hydroxide (NaOH) with a concentration 
of 0.01 molL−1, until the pH value reached the saturation 
value (approximately 6.16). At this point, the operation of 
the RH physical model was started. For each operational 
condition simulated, the pH probe was fixed at position 5, as 
shown in Fig. 1, whose distance away from the liquid sur-
face was equal to that of position 1. Furthermore, there was 
no significant difference in pH value at different locations of 
the pH sensor [16]. The variation of pH value was moni-
tored during the entire test. 

The total CO2 content was determined through monitor-
ing the pH values. Thus, the CO2 concentration (

2COc ) in 
the solution can be described as [17] 
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where cNaOH is the initial concentration of the caustic soda 

solution, molL−1; 
2H OK  is the ionic product of water, 

equal to 10−14; K1 = 106.352 and K2 = 1010.329 are the first 

and secondary ionization constants of carbonic acid, respec-

tively [18].  
The CO2 concentration versus time curves were con-

structed and the time used was called the simulated time or 

decarburization time of the RH model (tm). According to the 
modified Froude number, the relationship between the de-

carburization time of the model tm and the actual decarburi-

zation time tp could be deduced as 
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where  is the scale factor between the model and the pro-
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totype; g is the gas density, kgm−3; l is the liquid density, 
kgm−3; subscripts m and p represent the model and the pro-
totype, respectively. 

According to Eq. (2), tm was calculated as the average 
value of the practical decarburization time (tp) at which the 
carbon content reached the ultra-low level in the actual RH 
process. Based on the CO2 concentration versus time curves 
in the experiments, when the time reached tm, the corres-
ponding CO2 concentration was defined as the experimental 
ultimate concentration. So, for each operational condition 
simulated, the experimental decarburization time te was 
measured from the start to the time taken to obtain the expe-
rimental ultimate concentration. Also, te expressed the re-
quired time in which the CO2 concentration reduced from its 
initial value to above the minimum value under different 
simulation conditions. 
2.2.3. Flow pattern in the vacuum chamber 

The fluid behavior of the two-phase flow was observed 
by a high-speed video camera (Fastec HiSpec5) with a high 
speed of 1267 frames per second. A magnesium lamp was 
utilized for illumination. During the experiments, images of 
the flow patterns of the vacuum chamber were captured at 
different liquid levels in the chamber and different flow 
rates of the injection gas (Fig. 1). Then, the images were re-
produced in slow motion for estimating the flow pattern for 
each experimental condition. 
2.2.4. Gas holdup in the vacuum chamber 

The flow-pattern transition point can be identified from 
the slope changes of the gas holdup [19]. It was observed 
that there was little entrainment of gas bubbles in the 
down-leg of the vacuum chamber; hence, the measured gas 
holdup was the overall gas holdup in the up-leg [20]. 

The overall gas holdup  was calculated from the unaerated 
liquid height HL and the aerated liquid height HM by [19] 

L

M

= 1
H

H
   (3) 

3. Results and discussion 

3.1. Evaluation index for the flow behavior 

Mixing time and circulation flow rate in a RH vessel 
have been the subjects of several studies. Most investiga-
tions [21–24] provided the following conclusions: a large 
circulation flow rate and a short mixing time would increase 
the decarburization rate, and the relationship between the 
circulation rate and the structural parameters of the RH is 
given by 

g u i g
a b c dQ K Q D H D      (4) 

where Q is the circulation flow rate, tmin−1; Qg is the gas 
flow rate of Ar, Lmin−1; Du is the inner diameter of snorkels, 
m; Hj is the immersion depth of snorkels, m; Dg is the inner 
diameters of gas port, m; K is the coefficient; a, b, c, and d 
are constants determined by the experiments. 

In Eq. (4), the effect of structural parameters on mixing 
and decarburization were researched, and the decarburiza-
tion efficiency was indeed improved through optimizing the 
structural parameters. But, could the mixing time and circu-
lation flow rate comprehensively evaluate the whole RH 
process? 

The mixing time, circulation flow rate, and liquid resi-
dence time in the chamber along with the change of liquid 
level in the chamber were measured and plotted in Fig. 2. 
Besides, based on Table 2, the variation of the experimental 
decarburization time te with the liquid levels is also shown 
in Fig. 2(a). Due to the importance of decarburization in the 
RH process, the comparison between the experimental de-
carburization time and the evaluation indicators at different 
liquid levels in the chamber was displayed in Fig. 2. 

From Figs. 2(a) and 2(b), at the given RH and Ar 
gas-flow rate, when the liquid level was lower than 6 cm, 
the decarburization time decreased with increasing circula-
tion flow rate. When the liquid level was higher than 6 cm, 
the decarburization time increased greatly while the circula-
tion flow rate changed slowly. These results indicated that 
the circulation flow rate accurately evaluated the RH 
process in a certain range and it was not applicable for the 
whole process. The comparison between Figs. 2(a) and 2(c) 
also showed the similar situation, when the liquid level was 
higher than 8 cm, the mixing time was not the main influen-
tial factor of the decarburization time. Thus, the circulation 
flow rate and the mixing time were not applicable for eva-
luating the whole process. 

Since the vacuum chamber was the main decarburiza-
tion site, the decarburization time was used to evaluate the 
assessment criteria of the fluid’s characteristics. As shown 
in the comparison between Figs. 2(a) and 2(d), during the 
whole process the decarburization time decreased with in-
creasing liquid residence time and increased with decreas-
ing liquid residence time. Therefore, the liquid residence 
time was the most important indicator for evaluating the 
decarburization process and it should be first considered to 
evaluate the fluid behavior during the RH process. In addi-
tion, to acquire the fast decarburization rate, there should 
be a larger reaction area for the residence time, so the reac-
tion area should also be considered to estimate the beha-
vior of the fluid. 
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Fig. 2.  Decarburization time te (a), circulation flow rate (b), mixing time (c), and liquid residence time (d) at different liquid 
levels in the chamber. 

Table 2.  Steps to get the experimental decarburization time 

Step Parameter Result Note 

1 tp / min 17.0 
The average value of the practical decarburization time at which 
the carbon content is reduced to 10–15 ppm in Shougang Jingtang 
United Iron and Steel Co. Ltd (SJTISC). 

2 tm / min 40.0 
The decarburization time of the RH model was obtained by tm = 
2.33tp (Eq. (2)). 

3 Experimental ultimate CO2 concentration / (molL–1) 0.015 
When the time reached 40.0 min, select the smallest value of CO2 
concentration (Eq. (1)) under different experimental conditions. 

4 te / min Fig. 2(a)
The time of CO2 concentration reduced from the initial value to 
0.015 molL−1 under different simulation conditions. 

 
3.2. Flow pattern in the vacuum chamber 

The hydrodynamic behavior of gas-lift reactors strongly 
depends on the gas–liquid flow pattern [25]. The schematic 
of the flow pattern is illustrated in Fig. 3 through visual ob-
servation of different flow patterns which occurred in the 
vacuum chamber. The schematic showed that there were 
three flow patterns with different bubbling characteristics and 
steel surface states. The boiling pattern (BP) is that some 
splash droplets existed in the chamber and a sharp fluctua-
tion arose above the up-leg snorkel as well as the bubbles 
were concentrated. The transition pattern (TP) is that a small 
number of splash droplets existed and the bubbles became  

dispersed. The wave pattern (WP) is that no splash droplets 

existed and a sharp fluctuation occurred at all the fluid sur-

faces of the vacuum chamber, and some diffuse bubbles also 

existed next to the fluid surface. The typical photographs of 

the flow patterns in the vacuum chamber of the RH, in good 

accordance with Fig. 3, are shown in Fig. 4. The photo-

graphs were captured at the liquid level in the chamber va-

rying from 2 to 8 cm (12 to 48 cm in actual production) and 

changing gas-flow rates. From Fig. 4, it was obvious that the 

splash region was decreased with the increasing liquid level, 

and the effect of the liquid level on the flow pattern was 

more significant than that of the gas-flow rate. 
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Fig. 3.  A sketch of the flow patterns in the vacuum chamber (the arrows represent the flow direction of steel). 

 
Fig. 4.  Flow patterns of different steel levels at different gas-flow rates: (a) 30 Lmin−1; (b) 41.7 Lmin−1. 

The reason for the existence of three flow patterns can be 
analyzed as follows. The BP existed at low liquid levels 
which led to low liquid circulation rates and small amounts 
of liquid in the chamber. This low velocity and small amount of 
liquid caused the low density of the gas–liquid fluid. Fur-
thermore, the low-density fluid was easy to generate splash 
droplets because of the low surface tension. With increased 
liquid levels, the gas–liquid surface tension was increased 
with the driving force of faster liquid circulation. When the 
bubble was split into many small bubbles by increasing the 
fluid speed, the fluid flow entered the TP. The WP was 
found at the high-liquid level which was caused by the low 
pressure in the chamber; this low pressure led to the high 
differential pressure which increased the liquid fluctuation. 

Moreover, the flow regime transition had a significant 
effect on the liquid velocity in the down-leg regardless of 
the gas injection mode [19]. This influence was indirectly 
reflected in the gas holdup changes and the unaerated liquid 
level significantly affected the transition [5]. Thus, the 
flow-pattern transition point can be identified from the slope 
changes of the gas holdup along with the liquid level. 

The effect of the liquid level on the average gas holdup in 
the vacuum chamber is shown in Fig. 5, where the gas hol-
dup decreased with increasing liquid level at a given lifting 

gas-flow rate. This is because with an increase in liquid 
height, the liquid circulation velocity increased, which in 
turn, caused a decrease in residence time of the gas bubbles 
and a decrease in gas holdup. Similar results were reported 
by Seigel et al. [26] and Merchuk et al. [27]. Therefore, at 
lower liquid levels, more bubbles collected in the chamber 
at the given gas-flow rate which caused a smaller density of 
gas–liquid flow and smaller surface tension. In this case, BP 
was generated. At higher liquid levels, less bubbles collected 
because of the fast circulation rate which brought the low 
gas holdup. During WP, due to the limited effectiveness of  

 
Fig. 5.  Variations of gas holdup with liquid levels and lifting 
gas flowrate. 
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increasing the liquid level to increasing the circulation rate, 
the change rate of gas holdup became small. Therefore, the 
liquid level for the transition from BP to TP was 5 cm and 
the transition point between TP and WP was 8 cm. 

3.3. Evaluation of different flow patterns 

3.3.1. Residence time of steel in the vacuum chamber 
The three stages of decarburization reaction were the nuc-

leation of CO, the growth of CO bubbles, and the discharge of 
CO gas [28]. Due to the complete running of these stages, the 
carbon content of steel would reach an ultra-low level. 

Assuming the homogenous nucleation of CO bubbles 
occurred when the pressure of the chamber was less than 10 
kPa and the bubbles could be discharged when it grew up to 
5 mm in diameter. According to the calculation, the 
number of molecules needed for nucleation of CO bubbles 
was 6.20  109 and the number of molecules needed for a 

5-mm CO bubble was 5.10  1020. In the practical RH 
process, when the CO bubbles grew to 5 mm, the carbon 
content would be decreased by 1.34 ppm in 3.22 s, because 
the carbon content, on average, was reduced by 50 ppm in 2 
min with the 300-t RH of SJTISC. So, the residence time 
should be more than 3.22 s for deep decarburization. Here, 
we did not consider the time of mass transfer. However, if 
the steel stayed in the chamber too long, the reaction be-
came difficult because of the very low element content. 
Thus, the residence time should be accurately controlled. 

According to the visual observation of the fluid’s beha-
vior and the measurement results of the residence time, the 
sketch of the fluid’s flow path in the vacuum chamber was 
obtained, as shown in Fig. 6, and the qualitative residence 
time could be deduced from it. Based on the qualitative res-
idence time, the evaluation results of three flow patterns 
were summarized as below. 

 
Fig. 6.  Sketch of the fluid flow behavior in the vacuum chamber (the arrows represent the flow direction of steel). 

When the flow pattern was the BP, the amount of fluid in 
the vacuum chamber was small, and the fluid directly 
flowed out from the down-leg after flowing into the cham-
ber. Hence, the residence time was short and the fluid would 
be circulated many times to finish the treatment of the 300-t 
steel. There was no doubt that the decarburization time was 
increased at the BP. Besides, the amount of cold steel stuck 
on the refractory was increased because of more splash 
droplets. When the flow pattern was TP, the residence time 
was increased with the increasing flow path which was 
caused by the increasing fluid volume. Hence, TP was the 
desirable flow pattern for fast and deep decarburization with 
small amounts of cold steel. When the flow pattern was WP, 
the residence time was less than that of TP because part of 
the fluid in the vacuum chamber directly flowed out from 
the down-leg after flowing into the chamber. In addition, 
when the liquid level was high, the reaction area was de-
creased because the reaction site came close to the liquid 
surface [2930] (detailed explanation is provided in the next 
section). Hence, WP could not provide an effective reaction 

environment for fast decarburization. 
3.3.2. Reaction area 

The following places can be considered as reaction 
sites [28]: (1) interfaces (Sgas) between the molten steel and 
the Ar bubbles injected into the snorkel; (2) free surface 
(Ssurface) of the molten steel in the vacuum chamber (this free 
surface included splashes); (3) bubbles of carbon monoxide 
formed by the decarburization reaction (S[C]+[O]). These reac-
tion sites are summarized as 

T gas [C]+[O] surfaceS S S S    (5) 

However, which reaction mechanism contributed more to 
the fast decarburization rate? Takahashi et al. [31] found that 
the contribution of CO bubbles to the decarburization was 
the greatest. But Kitamura et al. [32] obtained that the de-
carburization reaction proceeded on the bath surface (90%), 
the CO gas bubble (8%) and the injected gas bubble (2%). 
Practically, it was impossible to distinguish one decarburiza-
tion from another. In short, the larger the reaction area, the 
faster the decarburization rate. 

The reaction area was indirectly obtained by the reaction 
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depth. Here, the reaction depth expressed the height of the 
reaction region, which meant that the height was from the 
location of the carbonoxygen reaction to the steel surface 
in the vacuum chamber. A high reaction depth represented a 
large reaction area. The expression of decarburization reac-
tion depth hr was deduced based on the equilibrium constant 
K   (Eq. (6)) and partial pressure of the CO gas (Eq. (7)) [28]. 
As shown in Eq. (8), the variation of reaction depth during 
the process could be obtained by the carbon and oxygen 
contents and the pressure of the vacuum chamber. These 
data were from the practical process. 

K  CO /

[C] [O]

p p

 







 (6) 

CO V l+ g 2 /p p h r    (7) 

r 1.45(0.872h K  
V[C] [O] /101325)p     (8) 

where K 
 is the equilibrium constant of the reaction be-

tween carbon and oxygen; T is the temperature, K; pCO is the 
partial pressure of CO gas, Pa; p   is the standard atmos-
pheric pressure, 101325 Pa, pV is the pressure of the vacuum 
chamber, Pa, h is the height of liquid steel in the vacuum 
chamber, m;  is the surface tension, Nm−1; r is the average 
diameter of bubbles, m; hr is the decarburization reaction 
depth, m; [C]  is the mass fraction of carbon content, 
wt%; [O]  is the mass fraction of oxygen content, wt%; 
and g is the acceleration of gravity, m2/s. 

The variation of reaction depth and the steel level of the 
real vacuum chamber with the changing actual time are 
shown in Fig. 7. The reaction depth was rapidly reduced 
from 0.8 to 0.1 m and the steel level was increased from 0 to 
0.12, 0.5 m or higher. The highest steel level changed with 
the snorkel length and the immersion depth. The reaction 
depth was compared with the liquid-steel level, as shown in 
Fig. 7, and when the liquid-steel level was lower than the 
reaction depth, the reaction occurred in the whole region of 
the vacuum chamber; when the liquid-steel level was higher 
than the reaction depth, the decarburization turned into the par-
tial region reaction. The reaction sites shifted to the surface 
of the chamber in the late decarburization process because 
of the high steel level and low reaction depth. As analyzed 
above, different steel levels resulted in different flow pat-
terns in the vacuum chamber, so we could determine which 
flow pattern was better for increasing the reaction area. 

As an example, the immersion depth of the real RH was 
700 mm, as shown in Fig. 7. The steel level was increased 
from 0 to 480 mm (from 0 to 8 cm in the experimental 
chamber), which meant the flow pattern changed from BP to 
WP. Hence, the all-region reaction occurred in both BP and 
TP, and the partial region reaction occurred in WP; this 

phenomenon was similar to the flow condition displayed in 
Fig. 8. In BP, due to the small amount of liquid steel and the 
low gas-flow rate in the chamber, the reaction area was li-
mited although the reaction occurred in the whole region. In 
TP, the liquid-steel volume increased by more than 50% and 
the Ar bubbles increased for high gas-flow rates, so the 
reaction area was greater than that of BP. In WP, the amount 
of steel for the reaction was decreased and the reaction on 
Ar bubbles was restricted by the mass transfer because of 
the relatively low carbon and oxygen contents. Thus, the 
reaction area was smaller than that of TP. 

Consequently, for a given reactor, the flow pattern was 
important for the residence time and the reaction area and 
was mainly determined by the liquid-steel level in the va-
cuum chamber. The TP was desired in a reactor for the long 
residence time and large reaction area and would lead to fast 
and deep decarburization. 

3.4. A superior flow-pattern map during the practical 
RH process 

In actual production, changes in liquid steel with different 
decarburization times and different pressures in the vacuum 
chamber are shown in Fig. 9. With an increase in decarburi-
zation time, the liquid level was increased with the decreas-
ing pressure of the chamber. When the pressure decreased to 
67 Pa, the liquid level reached the highest value. In this work, 
the highest steel level of the study subject was 250 mm 
(Fig. 9(a)). If the immersion depth was increased to 650 mm 
(Fig. 9(b)) and the snorkel length was reduced to 1450 mm 
(Fig. 9(c)), the highest steel level would increase to 450 and 
650 mm, respectively. This steel level variation caused dif-
ferent flow patterns in the vacuum chamber. To improve the 
decarburization rate, it was necessary to analyze the change 
of the flow pattern and optimize the flow-pattern map dur-
ing the decarburization process. 

 
Fig. 7.  Variations of the reaction depth and the real steel level 
of the chamber as a function of decarburization time. 
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Fig. 8.  Photographs of the fluid flow path in the vacuum chamber. 

 
Fig. 9.  Changes over time in liquid steel with different pressures of the vacuum chamber (the unit of length is mm). 

According to the experimental results of the 
flow-pattern boundaries, the flow-pattern map during the 
practical decarburization process could be described as 
follows. From Fig. 9(a), in the vacuum chamber, there was 
no steel for 2.5 min after the start of decarburization, so the 
splash droplets and Ar bubbles became the main reaction 
site. After 2.5 min, the steel began to flow into the chamber 
and the steel circulated immediately. However, the highest 
steel level (250 mm) was equivalent to 4 cm or so in the ex-
perimental chamber. In other words, the steel flow pattern 
was BP until the end of decarburization, which limited the 
decarburization rate. 

Since it was often desirable to operate under the TP, it 
was most important to accurately control the steel level in 
the vacuum chamber. From Fig. 9(b), the steel began to cir-
culate at 1.5 min and the steel level reached 271 mm (4.5 cm 
in the water model) at 2.5 min. The highest steel level 
(450 mm) was equivalent to 7.5 cm in the experimental 
chamber. That is, the steel flow pattern was BP in the first 
2.5 min, and then the steel flow entered TP and retained this 
pattern for almost the remainder of the decarburization time. 
Under this condition, the decarburization rate would become 
larger. However, considering Fig. 9(c), what would happen 
if the immersion depth continued to increase or the snorkel 
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length continued to decrease? Then, the steel began to cir-
culate after 0.5 min and the steel level reached 242 mm 
(4.0 cm in the water model) at 1.5 min. In the next minute, 
the steel level reached 471 mm (7.9 cm in the water model) 
quickly. This meant that TP lasted for less than 1 min, which 
was not conducive to fast decarburization. 

Consequently, to attain a fast decarburization rate, the 
steel flow pattern should change from BP to TP quickly, 
and then remain at TP until the end of decarburization 
during the practical RH process. A superior flow-pattern 
map can be used as an optimization criterion of the 
process parameters. 

4. Conclusions 

The effect of steel flow patterns in a vacuum chamber on 
fast decarburization was studied using a water model and a 
high-speed video camera, and the evaluation indicators of 
the whole decarburization process were redefined. The fol-
lowing conclusions, which can be applied for a large (300 t) 
RH degasser, were obtained. 

(1) The circulation flow rate and the mixing time were 
not applicable for evaluating the whole RH process. The 
liquid residence time in the vacuum chamber was the most 
important indicator and should be first considered to eva-
luate the fluid behavior during the RH process. 

(2) There were three flow patterns: the BP in which some 
splash droplets existed in the chamber and a sharp fluctua-
tion arose above the up-leg snorkel; the TP in which a small 
number of splash droplets existed and the bubbles became 
dispersed; and the WP in which no splash droplets existed 
and a sharp fluctuation occurred at all the fluid surfaces in 
the vacuum chamber, some diffuse bubbles also existed next 
to the fluid surface. 

(3) The flow pattern transformed from BP to TP until the 
actual liquid level was higher than 30 cm, and the transition 
point between TP and WP was larger than 48 cm. Because 
of the long residence time and large reaction area, TP was so 
desirable in a RH reactor that fast and deep decarburization 
could be realized. 

(4) To obtain a fast decarburization rate, the steel flow 
pattern should change from BP to TP quickly, and then re-
main at TP until the end of decarburization during the prac-
tical RH process. A superior flow-pattern map can be used 
as an optimization criterion of the process parameters. 
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