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P R E F A C E 

Tuyeres and plugs for inert gas stirring are key devices for combined blowing steelmaking 

process. The time and efficiency of the tuyere and plug operation will be reduced by wear 

of plug refractory and the refractory around a tuyere. The refractory wear may finally lead 

to a loss of metallurgical and economical advantages of the process. 

I began to study the wear problem when I worked for the Swedish-Chinese co-operative 

research project "Oxygen Steelmaking-Optimization of Combined Blowing" (STU Project 

L l ) at MEFOS in Luleå. By using a water model, I performed wear tests of refractory 

simulators and measured pressure change at tuyere tip. I also carried out water modelling 

wear tests at Division of Fluid Mechanics, Luleå University. 

To study the wear problem under conditions more close to tuyere and plug service 

conditions, refractory wear tests were performed at Division of Process Metallurgy, Luleå 

University. Results from the water and high temperature modelling tests have given a deep 

understanding on mechanisms for mechanical wear of the tuyere and plug refractory. 

Based on these study results, methods for reducing the wear and optimizing the plug 

design and operation have been suggested. The experiments and results on the wear 

problem study are described in this thesis, supplemented by five papers (Papers I-V) . 
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ABSTRACT 

Water modelling investigations of pressure change at tuyere tip or back attack 
and wear of H 3 B 0 3 disks, as well as high temperature modelling wear tests of 
BOF refractory using single- or double-tuyere and Ar or N2 gas, have been 
carried out to study mechanisms for mechanical wear of the refractory for 
BOF stirring tuyeres and plugs. A new nominal Mach number, M*\ was 
defined and adopted as the criterion for correlating test data. 

Both the back attack frequency and the Wr, wear rate of H3BO3 disks, 
increase with M* ' at M*'<1, reach the maximum near M*'=l and start to 
decrease after M*'>1. The wear rate, Wr, of MgO-C bricks tested using steel 
at 1550 °C depends strongly on tuyere characters and increases with M*' until 
M* '= l , similar to the trends for the back attack and disk Wr. Another brick 
wear parameter, the radius of deep wear area, RDA, displays a behaviour 
similar to that of the Wr. The estimated refractory wear rate, Wr*, at M*'<1 
can be related to mM*', the defined nominal momentum rate from tuyere gas 
injection. 

The RDA measured from single-tuyere tests can be used to estimate 
influences of tuyere interaction on the refractory wear rate. When the DTC, 
the distance between tuyeres for a double-tuyere test, is less than twice the 
RDA, values of Wr are increased. The refractory wear rate will no be 
influenced with DTC>2RDA. Tuyere gas flowrate can also be reduced to 
diminish the interaction. 

Equations are derived, based on proposed bubble expansion wear mechanism, 
to compute values of estimated RDA, as well as RSA (Radius of Shear wear 
Area), at M*'<1 which can be used to eliminate detrimental effects of tuyere 
interaction and for the plug design. 

The M*' values for tuyeres should be either less than 0.5 or greater than 1.5 
and values of mM*' should be low to reduce the refractory wear for the 
stirring tuyeres and plugs in BOF steelmaking. A smaller tuyere inner 
diameter sets the maximum wear parameters to a lower level and can be 
chosen to decrease the wear, without decreasing the gas flowrate. 

Key Words: 
BOF, Back attack, Bubble expansion, Bubbling, Jetting, Cavitation, 
Refractory wear, Shear stress, Stirring plug, Steelmaking, Tuyere, 
Tuyere interaction, Wear test. 
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1. INTRODUCTION 

World crude steel production exceeded 700 million tonnes in 1993. 58% of the steel was 

produced by BOF (Basic Oxygen Furnace) and the rest by EAF (Electric Arc Furnace) and 

OH (Open Hearth Furnace) processes [1 , 2]. An important type of the BOF process is the 

IGS-BOF process [3] or the inert gas stirring BOF process, which is derived directly from 

the top blowing BOF process by introducing inert gas from the converter bottom to stir the 

metal bath [3-5]. The process kinetics has been improved by the bath stirring which leads 

to the following advantages over top blowing BOF [5, 6]: 

- lower content of sulphur, phosphorous and oxygen at tapping 

- higher manganese content at turndown 

- improved iron yield 

- less slopping. 

Plugs shown schematically in Fig. 1 are often used to introduce an inert gas through the 

converter bottom [7-9]. The plug shown by drawing A, the multiple-tuyere plug, also 

named as the DPP-system (Directed Porosity Plug-system) [7, 8] or MHP nozzle [9, 10], is 

constructed by incorporating steel pipes (tuyeres) of small inner diameter in MgO-C 

refractory. Due to the special construction, this multiple-tuyere plug has a higher range of 

gas flowrate, lower wear rate and implies a lower risk of liquid metal penetrating into the 

tuyeres [9, 10], as compared to the single-tuyere plug shown in drawing B in Fig. 1. Thus, 

the multiple-tuyere plugs have been used widely by steel producers and adopted for all of 

the oxygen steel making converters (BOF) in Sweden [6]. 

The plug refractory is subjected to stresses when the plugs are in operation. Apart from 

suffering the stresses generally exerted on the BOF refractory lining, cf Fig. 2 [7], the 

plugs also suffer the special stresses induced by an interaction between the stirring gas and 

liquid metal. Both the general and special stresses cause a damage or wear of the plug 

refractory and a reduction of the plug operation time or the plug availability in a converter 

campaign [8-11]. The advantages gained from the inert gas stirring process are lost with a 

loss of the plug availability. 

One of the solutions to the wear problems is to form a mushroom, the solidified iron or 

steel at the plug top, to protect the tuyeres or plug [11-15]. Another method is to cover the 

plug with a layer of protective slag by performing a slag coating after steel tapping [3, 8, 

16, 17]. The protective mushroom [11] and slag layer should have a suitable or controlled 

porosity, so the stirring gas can pass through. 
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A. The multiple-tuyere plug or Directed Porosity Plug- (DPP-) system. 

B. The single-tuyere plug. 

Fig. 1- The multiple-tuyere (A) and single-tuyere (B) plug [9]. 

oxidation 

odditives 
e .g. CaF2 

slog 
analysis, temperature, duration 

chemical 

atmosphere 
Pt>! 

Fig. 2 - Wear stress on the refractory lining of BOF [7]. 
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Many researchers have studied mechanisms and stresses for mechanical wear of the 

refractory in order to increase the availability of tuyeres and plugs. The shear stress on 

bottom wall induced by the submerged gas injection has been measured in water models 

by Ballal et al. [18], Haida et al. [19] and Biostein et al. [20], adopting an electrochemical 

technique. It has been shown that the shear stress reached to a maximum near the tuyere tip 

[18, 20] and decreased to a lower level near the vessel wall [18-20]. 

Aoki et al [21] conducted a water model investigation on characteristics of submerged jets 

and found that a gas jet was blown back to the tuyere front surface with certain frequency 

and impact force, after a collapse of the gas cavity. They pointed out that the gas jet 

blowing back or back-attack was a very important factor (agent) for the tuyere refractory 

erosion and suggested that a high pressure for the gas injection could lead to a low back 

attack frequency and slit type tuyeres could eliminate the back attack phenomenon [21]. 

Carlsson et al [22], based on measurements of the back attack frequency for tuyeres with 

different designs, proposed that spiral tuyeres were favourable for reducing the back attack 

wear. 

Boric acid disks have been adopted by Gustafsson et al [23] to simulate the tuyere 

refractory in a water model. They discovered a decrease in disk wear rate at the gas 

velocity for the bubbling-jetting transition and indications of cavitation erosion in the 

outer region on the disk surface at low gas velocities [23]. Based on estimations of 

damaging potentials of different wear agents, Field et al [24] proposed a cavitation wear 

model for tuyere refractory. According to the cavitation model [24], bubble collapses due 

to the instability of a gas jet or cavity would result in a high pressure of liquid impact on 

the surface. The liquid impact pressure was much higher than the force magnitude for the 

back attack [21] or shear [18-20] and capable of damaging refractory agglomerates with 

high strength. 

Results from studies on dispersion phenomena of submerged gas jets [25-39] can give a 

deep understanding on wear mechanisms of the tuyere refractory. Hoefele et al. [25], 

Ozawa et al. [26-29] and Mcnallan et al. [30] studied the gas dispersion in bubbling and 

jetting flow regimes. Different criteria have been presented for the transition from 

bubbling to jetting. Wraith et al. [31, 32] studied the bubble formation from a plate nozzle 

or tuyere. They found a hemispherical bubble pressed on the plate in the first growth stage 

which then evolved towards a spherical shape while the bubble surface was tangentially 

contacting with the plate. Based on these observations a two-stage model of bubble growth 

from a plate nozzle has been developed by Wraith et al. [31, 32]. Wraith et al., as well as 

other researchers [25, 33-36], also measured nozzle pressure changes during the bubble 

formation. 
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Both Aoki [21] and Carlsson et al [22] used the gas injection pressure as the principal 

independent parameter for measurements of the back attack frequency. The role played in 

refractory wear by the force magnitude or pressure of the back attack is, thus, 

indeterminate, as well as dependence of the back attack frequency and pressure on tuyere 

characters and gas flowrate. 

Water model experiments were therefore performed, as the first part of this study, to 

measure the back attack frequency and pressure and to examine wear features of refractory 

simulators, the H 3 B 0 3 disks. The relation between cavitation and tuyere characters, as well 

as the connection between the cavitation and other wear agents, was also investigated. The 

tuyere gas velocity (nominal Mach number, NMa) was adopted as the main experimental 

parameter. The detailed description of the experiments and results can be found in Papers I 

and I I of the APPENDIX. 

Modelling studies of refractory wear using laboratory furnaces have been carried out by 

several researchers [40-45] and the results achieved can be used to predict field 

performance of the tested refractory. An oxygen top blowing converter of 300 kg has been 

employed to study the wear of bottom stirring tuyeres and the fired magnesite bricks [46]. 

Reports on wear tests using MgO-C refractory for the BOF plugs and with tuyere gas 

injection are, however, scarce. 

Wear tests of the plug refractory at steelmaking temperature were, thus, performed as the 

second part of this study in order to gain more information on the refractory wear 

mechanisms, as well as to confirm some of the water modelling results in a steel-refractory 

system. Mechanical stresses are main study objectives as the thermal and chemical stresses 

are low for the inert gas stirring. Single-tuyere wear tests were performed to study the 

general wear mechanisms for the tuyere and plug refractory. Detailed results from these 

tests can be found in Papers I I I and IV. The special problem related to the multiple-tuyere 

plugs, the tuyere interaction, was examined by the double-tuyere wear tests which are 

described in Paper V of the APPENDIX. 
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2. STUDIES ON WEAR MECHANISMS BY WATER MODELLING 
(PAPERS I AND II) 

2.1. Test apparatus and procedures 

A cylindrical tank of plexiglass with a 1 meter (m) inner diameter and height was used for 

the back attack measurements. Through a hole in the side wall of the tank a tubular tuyere 

was mounted horizontally for gas injection, as shown by Fig. 3. The wear tests of H 3 B 0 3 

disk formed by a pressing force of 10 tonnes were also performed in the cylindrical tank 

with a test time of about 25 minutes [Paper I ] . 

A stainless steel water tank of 1.225 m x 0.73 m x 0.75 m (Length x Width x Height) was 

employed for wear tests of the disks formed by the pressing force of 10-60 tonnes with 10 

minutes of vertical air injection [Paper I I ] . 

1. Cylindrical water model with 1 

meter i.d. and height 

2. Tuyere assemblage 3. Tuyere 

4. H 3 B 0 3 disk 

5. Pressure probe with i.d. 3 mm 

6. Pressure transducer 7. Amplifier 

8. High speed printer 

9. Gas inlet 

(5-8 were not present while disk 

wear tests were performed and 

the disk is not present in the back 

attack measurements.) 

Fig. 3 - The set-up for back attack measurements and disk wear tests. 

In the present study [Paper I] a method similar to that of Aoki et al [21] was adopted to 

measure the pressure increase or the back attack with a sensing probe (3 mm i.d.) located 

very near to the tuyere tip, as seen in Fig. 3. The other end of the probe was coupled to a 

pressure transducer (Dynisco, Model PT311J, Natural Frequency > 2500 Hz) that could be 

connected to either an amplifier and a high speed printer or to a FFT analyser. The 

recorded frequency of pressure change or back attack frequency was counted from the 
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printer charts manually. A pressure transducer was connected to the FFT analyser to 

measure the back attack pressure for tuyere D (8 mm i.d.). 

The nominal Mach number, NMa, a ratio of the nominal gas velocity, u„ 0 , to sound 

velocity at room temperature, c 0, is computed by Eq. (1) , using the constants in Table 1, 

and u g 0 by Eq. (2). Eq. (3) relates the NMa to M' (or Ma'), the nominal Mach number used 

in bubbling-jetting studies [23, 26-29]. 

NMa--

U0Q — 

M' = NMa( 
Pat+PLgh 

(1) 

(2) 

(3) 

Table 1. Values of constants used in Eqs 1-3 [47, 481. 

Gas PgO Specific heat 

ratio (k) 

Gas constant 

(R) 

kg/ixp J/kg- K 

N 2 
1.16 1.4 296.8 

Ar 1.662 1.67 208.13 

Air 1.21 1.4 286.9 

2.2. Results of the water modelling studies 

2.2.1. Back attack measurements 

Relations between the back attack frequency and NMa are similar for tuyeres B (i.d. 4 mm) 

and D (i.d. 8 mm), as seen in Fig. 4. The maximum values of the frequency are found for 

both tuyeres while the values of NMa are very close to 1. The frequency stays around a 

level of 5 Hz with a further increase of NMa beyond NMa=2. This is also the trend for 

tuyeres A (i.d. 2 mm) and C (i.d. 6 mm), cf. Fig. 4 in Paper I . These results demonstrate 

that the back attack frequency for a tubular tuyere, regardless its i.d., is mainly dependent 

on values of NMa and that the frequency will be the maximum for NMa values close to 1 

and be lower for NMa values smaller or greater than one. The relation between the bubble 

knocking frequency and M ' found in [28] is very similar to the relationship between the 

back attack frequency and NMa observed in the present study. 

The back attack pressure also reaches a maximum around NMa=l , as seen in Fig. 5. 

However, the change of back attack pressure with NMa is not as drastic as that for the 
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frequency as revealed by comparing Figs. 4 and 5. It was noticed in the measurements that 

the back attack pressure was higher for a larger i.d. tuyere. This indicates a strong 

dependence of the back attack strength or pressure on the gas flowrate, as a higher gas 

flowrate is needed to reach a certain gas velocity or NMa i f the i.d. of a tuyere is larger. 

),0 0,5 1,0 1,5 2,0 2,5 3,0 0 

NMa 

Fig. 4 - Back attack frequency in Hz versus NMa for tuyeres B and D. 

o 

O 
Xi 

< 

1,30 

i - i - I - I - J — i — i — T - r - i - T - i i - i - i - r i i i i i i i 

• Back attack pressure 

/ \ / Tuyere D (i.d. 8 mm) ; 
1,25 / \ 

1,20 — - - • \ ^ '. 

1,15 '-

1,10 • 
: 

1,10 
• Hydrostatic Pressure -

1,05 
i . . . i . . . i . . . i . . . i . . . i . . . i . . . i . . . i . i i i " 

0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0 

NMa 

Fig. 5 - Back attack pressure versus NMa for tuyere D with 8 mm i.d. 

7 



2.2.2. Results from disk wear tests 

The wear rate of the disks, Wr, defined by the ratio of the disk weight loss to the test time, 

has a similar trend for both tuyeres B and D as illustrated in Fig. 6. Values of Wr for both 

tuyeres reach to maxima when values of NMa are near to one and decrease with NMa at 

NMa>l, which are very similar to the trends for the measured back attack frequency and 

pressure, cf. Figs. 4, 5 and 6. The similarity indicates that the disk wear can be mainly 

related to the back attack. 

^— Tuyere B (i.d. 4 mm) — • — Tuyere D (i.d. 8 mm) 

2,0 . ' ' 1 1 1 1 1 1 1 1 1 1 1 T-' 1 ' ' 1 1 1 1 1 1 1 

• 1 1 1 1 1 ' ' ' . 

18 
L A J 
: f \ : 

1,6 - / \ -; 

/ \ 1,4 

1,2 = / # \ -

1,0 r" / • - • ^ . ^ 
0,8 -0,8 

/ A A : 
0,6 L / \ — ——•̂ —-A -

/ \ A - A A - A - A — A — 

0,4 -
0,2 • i i . . . i . . . • 

0,2 0,6 1,0 1,4 1,8 2,2 2,6 3,0 3,4 3,8 4,2 

NMa 

Fig. 6 - Wr of disks versus NMa for tuyeres B and D. 

The maximum Wr for tuyere D is about twice as large as the maximum Wr for tuyere B. 

The inner diameter for tuyere D is, 8 mm, twice as large as that of tuyere B and, to reach 

the same NMa, the gas flowrate of the former is, thus, four times as large as the latter. A 

higher flowrate leaded to a higher pressure of the back attack and a higher Wr for tuyere D 

than that for tuyere B, when both tuyeres were operated with the same nominal Mach 

number. This shows that the magnitude of the refractory wear depends on the back attack 

frequency, which is mainly related to the gas velocity, and the back attack pressure, which 

is mainly related to the gas flowrate. 
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2.2.3. On wear of disks formed by 10-60 tonne force 

The disk shown in Picture 1 has a coarser zone that surrounds a smooth, central region. In 

the smooth region the wear depth increases towards the tuyere hole and some pits are 

distributed randomly. The tapered, smooth wear zone on the disk surface has also been 

found by other researchers [23]. The pitting in the smooth region has been explained by 

using the cavitation model [24 and Paper I I ] . However, a similar dependence on NMa 

found for both the back attack frequency and number of pits on the disk surfaces [Paper II] 

indicates a close connection between the back attack and cavitation. 

Picture 1 - Top surface of the disk formed by 20 tonne force and tested in the 

rectangular water tank. The tuyere i.d. is 4 mm and NMa 0.98. 
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For disks formed with 20 tonne force, as shown in Fig 7, both the radius for the smooth 

wear zone and Wr increase with NMa. It has been noted that the smooth zone radius is 

related to bubble radius at low NMa values [Paper I I ] . In the region with NMa values 

between 0.8 and 1.2, the wear zone radius decreases somewhat, whereas the wear rate 

continues to increase. In the bubbling flow regime [26-29, Papers I and I I ] , starting from 

NMa=0.3, the smooth disk zone is more tapered and more pits are haphazardly spread 

inside the zone. The smooth wear zone disappears and the disk wear begins to decrease at 

NMa=1.2, which is very near to the transition point from bubbling to jetting. By 

considering these connections the disk wear in the smooth zone, that is much more severe 

than the wear in the outer zone, can also be related to the bubble formation or bubbling. 

— • — D i s k W r (%/min) i Wear zone radius 

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 

NMa 

Fig. 7 - Wr and the radius for the smooth wear zone of disks formed by 20 

tonne force versus NMa. The tuyere i.d. is 4 mm [Paper I I ] . 
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3. R E F R A C T O R Y WEAR TESTS AT HIGH TEMPERATURE 

3.1. Single-tuyere wear tests (Papers I I I and I V ) 

3.1.1. The test set-up and apparatuses 

1. Furnace coil assembly 
2. Crucible 
3. Metal bath with a weight of 16 kg 
4. Tuyere 
5. Tuyere gas inlet 
6. & 7. Thermocouple 
8. Crucible pedestal 
9. Refractory brick on a castable plate 
10. Graphite section of lower lid 
11. Refractory section of lower lid 
12. Upper refractory lid 

13. Insulation material. 

Fig. 8 - The set-up for refractory wear tests. 

The set-up for the wear tests is shown in Fig. 8 [Paper I I I ] . The crucible was placed in the 

furnace coil assembly that is connected to a power generator of maximum 60 kW and 3 

kHz. The crucibles with, approximately, inner diameter 136 mm, outer diameter 176 mm 

and height 320 mm were made of refractory castable, reinforced with steel fibre. During a 

test the crucible was covered by an upper and a lower lid to prevent heat and metal loss. 

The lower lid consisted of a lower and an upper refractory section and a middle graphite 

section. The heat from induction heating the graphite section largely reduced the quantity 

of freezing metal on the upper wall of a crucible and the lower lid. 

Three kinds of refractory bricks were used for single-tuyere tests. Bricks with Code C are 

magnesia-graphite or MgO-C bricks with 14% residual carbon and 2% Al addition. Bricks 

with Code B are MgO-C bricks with 12% residual carbon. The burnt magnesia bricks with 

pitch impregnation and Code T have very high strength due to the ceramic bonding. 

(Papers I I I and IV) . Blunt point injection needles of 100 mm length have been adopted as 

tuyeres for the tests. 
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Both infrared thermometer and immersion thermocouples were used for metal temperature 

measurements. The injected Ar or N2 gas was supplied from gas cylinders. Pressure gauges 

and rotameters were used to measure and regulate the pressure and flowrate for the tuyere 

gas injection. 

3.1.2. Procedures for wear tests 

The smelting phase for a wear test [Paper II I ] was started by turning on the furnace power 

and supplying an Ar flowrate of 12-15 Nl/min to the tuyere. The crucible was charged two 

or three times during the smelting phase with steel butts and/or pig iron pieces to a total 

weight of 16 kg. The depth of metal bath was then around 15 cm. After the first charge was 

smelted, the Ar flowrate was reduced to a lower value, until smelting of the whole charge 

was complete. 

The testing phase began as soon as the test temperature had been reached and lasted 

normally for 6 hours. In the testing phase the designed bath temperature and gas flowrate 

was maintained and gas supply parameters were continuously monitored. 

Just before the metal tapping about 100 g dolomite was added onto the bath surface to 

thicken the slag and the tuyere was disconnected from the gas supply line. After tapping a 

ceramic lance was inserted into the crucible to blow Ar gas on the working surfaces of the 

bricks until the brick surface temperature was lowered to less than 300 °C. The cold, tested 

bricks were retrieved with great care. No special effort was made to retrieve the tuyeres. 

The testing phase was 8 hours for two of the 1400 °C tests and only 1.17 hours for the 

1700 °C test due to severe damage to the crucible at the higher temperature [Paper V ] . In 

the testing phase of the 1700 °C test, Olivine pellets (TFe 66%) were added into the bath, 

with 50 grams/addition for three additions, to maintain a very low carbon content in the 

liquid steel. 

3.1.3. Macroscopic examinations of the bricks and parameters for wear measurements 

The wear of C bricks tested at 1550 °C is noticeable and caused mainly by matrix erosion. 

A tested C brick is shown in pictures 2. Two general wear patterns could be distinguished 

for the brick: the deep wear and shear wear patterns. The deep wear pattern was found near 

and around the tuyere, resulting in a wear space that resembles a right circular cone with 

the tuyere tip in the centre (cf. also Fig. 9). The radius of the cone top surface was 

measured and defined as the radius of deep wear area or RDA and the height of the cone as 

the wear depth or WD. The wear rate (mm/hour), Wr, is obtained by dividing the wear 

depth with test time. A larger wear area with a shallower wear depth (cf. Picture 2 and Fig. 

9) was defined as the shear wear zone and its radius, the defined RSA, was measured. 
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Picture 2 - Brick C after 118; test time 6 hours, tuyere i.d. 0.8 mm, Ar flowrate 

10 Nl/min, metal temperature 1550 °C. 

1. The wear depth 

2. The radius of deep wear area, RDA 

3. The radius of shear area, RSA 

4. The worn part of the brick 

5. The brick before test 

6. Tuyere hole 

Fig. 9 - Cross-section of a tested brick and parameters for wear measurements. 

For the T bricks tested at 1400 °C (test t2 and t5 [Paper V]) , wear depth was hardly 

measurable. There were, however, two zones where magnesia particles appeared on the top 

surface of the bricks, which distinguished the two zones from the rest of nearly unaffected 

area, which was dark brown in colour. The radius of the zone around the tuyere, in which 

the exposed magnesia particles were white in colour and some particle boundaries were 

slightly damaged, was measured. This measured radius was defined as estimated RDA. 

The outer zone, in which the colour of magnesia particles was darker than in the zone 

around the tuyere and the particle boundary was not damaged, was regarded as a shear 

affecting zone and an estimated RSA was measured for this zone. For the T bricks tested at 

1700 °C (test 112), the WD was zero and some of magnesia particles on the top surface 

were also exposed. One piece of the tested T brick was sawed, along its central line and 
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through the tuyere hole, into two pieces in order to examine the decarbonization of the 

brick top layer for easy determination of the estimated RDA and RSA. 

For bricks B and C tested in t3 and t l [Paper V] with liquid iron of 1400 °C there was very 

little wear near the tuyere. However, the B brick surface had an affected central zone that 

was dark and elliptical and the semi-minor axis of the zone was measured as RSA. With a 

low Ar flowrate and a low carbon steel at 1700 °C, MgO reduction by brick carbon at this 

temperature has become the dominant wear agent for the MgO-C bricks. 

3.1.4. Some wear results for the C bricks tested at 1550 °C 

A Tuyere i.d 0.8 mm • Tuyere i.d 2.0 i 
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Fig. 10 - Wear rates, Wr, versus Ar gas flowrate of C bricks tested with tuyeres A 

(0.8 mm i.d.) and B (2.0 mm i.d.) at 1550 °C. 

It is seen from Fig. 10 that the brick wear rate for tuyeres B (2.0 mm i.d.) increases nearly 

linearly with the gas flowrate and is almost half of the W r value obtained for tuyere A 

when the gas flowrate is the same. For tuyere A (0.8 mm i.d.) the wear rate increases when 

the Ar flowrate is increased from 5 to 13 Nl/min and seems to be constant or even 

somewhat lower at flowrates higher than 13 Nl/min. The RDA, the radius of deep wear 

area, for tuyere A increases up to the gas flowrate of 13 Nl/min, which is similar to the 

wear rate for the tuyere. These results indicate that mechanical stresses, which mainly 

depend on tuyere characters, are dominant refractory wear agents under the test conditions. 
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3.2. Double tuyere wear tests (Paper V) 

3.2.1. The test set-up 

The dimension and the Ar gas flowrate for the two tuyeres used in a double-tuyere wear 

test were the same and each tuyere had its own system for the gas supply and for 

measuring and controlling parameters for the gas injection (Paper V). The refractory part 

of a DPPC plug, with properties similar to the C bricks, was core-drilled or sawed to 

obtain test bricks either with a diameter of 103 mm or with a shape similar to an 

octagon. The height of the bricks was approximately 30 mm. Through each test brick 

two holes were drilled along the brick central line, with the distance between the hole 

centres chosen according to the designed DTC, distance between tuyere centres, and 

with an equal distance from each hole centre to brick centre. 

3.2.2. The procedures for the wear tests 

Just as the induction power was turned on, an Ar flowrate of 10 Nl/min was supplied to 

each tuyere until the test temperature, 1550 °C, for the steel bath had been reached, after 

which the gas flowrate was adjusted to the designed value and the testing phase began. The 

time for the testing phase was about 6 hours, during which the designed gas flowrate and 

the steel temperature of 1550 °C were maintained. Al l other details on procedures for 

preparing and performing the double-tuyere wear tests were very similar to those described 

in 3.1. 

3.2.3. Macroscopic examinations of tested bricks 

Top surface and cross-section for the brick from test D l with 12 mm DTC, distance 

between tuyere centres, are shown schematically in Fig. 11. Three zones can be observed, 

cf. Fig. 11, on surfaces of some the bricks from the double-tuyere tests: 

1. Zone of heavy wear - The zone surrounds the tuyere towards which the wear depth, 

WD, increases due to losses of both brick matrices and agglomerates of different sizes and 

with some of the remaining bigger agglomerates largely exposed. The values of wear 

depth, WD, in the zone are larger for tests with DTC of 12 mm and gas flowrate of 10 

Nl/min than those for other tests. 

2. Zone of light wear - The zone surrounds the zone of heavy wear with losses of some of 

brick matrices and agglomerates of small size. 

3. Zone nearly unaffected by gas injection - The zone is near to the brick edge. 

It is observed that for test D5 (DTC 24 mm) and tests with DTC of 12 mm (test D l , D l ' , 

D4 and D6), there is only one light wear zone outside one heavy wear zone on the brick 

surface and both the heavy and light wear zones resemble an ellipse with the major axis 

along the line of DTC. With DTC 50 mm for test D3 the heavy and light wear zones for 

each tuyere are separated from the wear zones of another tuyere by a slightly affected 
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narrow zone and both the heavy and light wear zones of a tuyere are similar to an ellipse 

with the minor axis parallel to the line of DTC. 

The zone number: 
1 - Zone of heavy wear, 2 - Zone of light wear, 3. - Zone nearly unaffected by gas 
injection. 
The letters : T l , T2 - Tuyere 1 and 2. a and b - Parameters for measuring the size for 
the zone of heavy wear, c and d: Parameters for measuring the size for the zone of 
light wear, e, f and g: Parameters for measuring the wear depth (WD). 

Fig. 11 - Schematic drawings for top surface (A) and cross-section (B) of the 

brick after test D l . 

Parameters a and b as well as c and d were measured, starting from tuyere centre (cf 

drawing A of Fig. 11), for calculations of wear zone area. The wear depth, WD, measured 

at the point near to a tuyere was defined as parameter e or f and at the middle point of DTC 

line as parameter g, cf drawing B of Fig. 11. The average value of e and f was divided by 

the test time to obtain Wr, the brick or tuyere wear rate in mm/hour. 

3.2.4. The results from wear measurements 

The RDA value was 7 mm for test D9, the single-tuyere or reference test (Paper IV) . For 

the double-tuyere tests D l and D l ' , as the DTC is 12 mm, less than two times RDA for test 

D9, the tuyeres interacted with an overlap of the estimated deep wear area. Due to the 

overlap, the Wr values for D l and DT are higher, as shown in Fig. 12, than those for the 

other double-tuyere tests with DTC>24 mm and for the single-tuyere test D9 (DTC=0). 

16 



The Wr values for the tests with DTC>24 mm are similar to that for the single-tuyere test 

D9. In all these tests an Ar flowrate of 10 Nl/min was used for a tuyere of 2 mm i.d.. 

With the total flowrate of 20 Nl/min, Wr values for the double-tuyere tests D l and DT are 

similar to that for the single-tuyere, reference test D7. This result indicates that with 

DTC<2RDA or an overlap of deep wear zones the brick Wr wi l l be similar to or even 

higher than that for a single tuyere using a flowrate equal to the total flowrate for the two 

tuyeres. The Wr cannot be increased by tuyere interaction if DTC>2RDA. 

«3 

o 

pa 

A Single-tuyere \7 Single-tuyere A Double-tuyere 

(10 Nl/min) (20 Nl/min) (10 Nl/min) 

0 5 10 15 20 25 30 35 40 45 50 

DTC, distance between tuyere centres (mm) 

Fig. 12 - Wear rate versus DTC for tests with tuyeres of i.d. 2.0 mm. The Ar 

flowrate for a tuyere is shown in parentheses in the legend and test codes 

are shown below data points. 

The tuyere interaction caused by an overlap of shear wear zones when DTC<2RSA is less 

important in comparison to the interaction with DTC<2RDA, as the former interaction do 

not considerably influence the refractory wear rate. The area of elliptical, light wear zone 

enclosing interacting tuyeres was, however, larger than the shear area for a single-tuyere 

using a gas flowrate equal to the total flowrate for the interacting tuyeres. For test D3 the 

light wear zones are separated by a nearly unaffected narrow zone and the area value of the 

wear zone for each tuyere is very close to the shear area value for single-tuyere test D9. 

This reveals that the wearing effects of tuyere interaction can be eliminated i f DTC is close 

to or greater than two times RSA or DTC>2RSA. 
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4. DISCUSSION OF THE RESULTS 

4.1. Nominal Mach number M*' and momentum rate from a tuyere 

The static pressure of the gas at tuyere outlet, P, is equal to the hydrostatic pressure Ph 

when the local Mach number, M , is less than or equal to one and there is a unique, critical 

mass flowrate, m*, for any tuyere when M is just equal to one [47, 49-51]. M = l still holds 

with increasing m, the gas mass flowrate injected by a tuyere, beyond m* but the pressure 

ratio, P/Ph, is greater than one and equal to m/m*. The m* and pressure ratio can be 

calculated by Eqs. (4) and (5) [47, 49, Paper I I I ] : 

m * = ( ^ + P ^ ) A ) ( M | ^ ) i ( M = 1) (4) 

(To)2 

I 
2 m _ PAp , k(k + l) , 2 _ 

- v » • */ y_ =_t_ ( w > m ) ( 5 ) 

m* 1 2R Pj 
m*(TQy 

The values of M * ' , a new nominal Mach number defined by the ratio of m to m*, is 

calculated by Eq. (6) and Eq. (7) gives the relation between the three different nominal 

Mach numbers: 

(Pat+pLgh)A0

( k(k + l) > (P) 

The M * ' defined by Eq. (6) takes account of effects of temperature and pressure at the 

tuyere outlet on properties of the injected gas and can therefore be regarded as a criterion 

more suitable for presentations and comparisons of wear data obtained from different gas-

Iiquid-refractory systems. The M * ' can also be used to guide the gas injection operations. 

In Fig. 13 is seen that W r increases linearly with M * ' for tuyeres A (0.8 mm i.d.) in the low 

M * ' or bubbling region until the M* ' values are around one. At M * ' around one the 

maximum back attack frequency and disk wear were also measured in the water modelling 

as seen in Figs. 4 and 6. The W r for the C bricks ceases to increase, while the M * ' values 

are further increased, corresponding to an increase in the time fraction of jetting [26] and a 

decrease in the back attack frequency. Based on the similarity in wear trends for the bricks 
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and disks found from the tests in the two systems (cf. Figs 6 and 13) it is inferred that the 

high brick wear around M * ' = l is mainly caused by the high back attack frequency near the 

point for bubbling-jetting transition. 

A Tuyere i .d 0.8 mm • Tuyere i .d 2.0 i 
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Fig. 13 - Average wear rates versus M * ' of C bricks tested with tuyeres A and B 

with 0.8 and 2.0 mm i.d., respectively, at 1550 °C. 

The back attack frequency and the time fraction of bubbling drop sharply in an air-water 

system while passing the transition point or at M*'>1, but the disk weight loss dropped 

rather moderately (see Fig. 6). This can be explained by the increase in shear stress with 

gas flowrate or M * ' which also contributes to the wear near the tuyere. The back attack 

frequency measured for the Ar gas injection into liquid steel in a ladle is higher than that 

for the air injection into water [22]. The shear stress exerted on the brick surface by liquid 

steel is also higher than that by water, as the viscosity of the former is nearly seven times 

larger than that of the later [18, 20, 25]. The wear rate, W r , for the C bricks tested in a 

steel-refractory system thus becomes almost constant at M*'>1. 

The Wr for the C bricks tested with tuyere B with 2 mm i.d. increases also nearly linearly 

with M * ' , but the slope of the Wr-M*' line for tuyere B is different from that for tuyere A 

with 0.8 mm i.d. as revealed by Fig. 13. The differences in Wr values of the disks 

depending on the tuyere inner diameter have also been observed in Fig. 6. These 

differences indicate that the Wr for the refractory depends on the overall effects of the 

wear agents or the total force exerted on the refractory induced by the tuyere gas injection, 
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which cannot be characterised alone by either the M * ' or the gas flowrate, as shown clearly 

by Figs. 6, 10 and 13. 

U 

Fig 

1,0 

0,9 

0,8 

0,7 

0,6 

0,5 

0,4 

0.3 

0,2 

0.1 

Tuyere i .d 2 mm A Tuyere i .d 0.8 mm 

Wr = 1.29 (mM*' ) 0 4 8 , (M*' < 1) R = 0.994 

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 

(mM-) 0 ' 4 8 

14 - Wear rate, Wr, for C bricks tested at 1550 °C versus (mM*') 0 4 8 at M* 

<1. The mass flowrate, m, is in g/s. . 

The Wr data obtained for the C bricks tested at 1550 °C with two different tuyeres at M*'< 

1 are plotted against (mM*') 0 4 8 in Fig. 14 and a linear relationship is observed. A similar 

behaviour of the disk Wr data has also been found in Fig. 1 of Paper IV. The linear 

relationship indicates the dependence of the mechanical wear for the disks/bricks on the 

product mM*' , the momentum rate for the tuyere gas injection. The wear rate estimated at 

M*'<1, defined as Wr*, can be calculated by: 

Wr* = A (mM*') B 

( W r * ) m a x = A (m*)B 

(M*'<1) 

(M*'=l ) 

(8) 

(9) 

where in Eqs. (8) and (9), A and B are constants, the values of which can be determined by 

plotting Wr data against mM*'. The ( W r * ) m a x in Eq. (9) is the maximum Wr* that wi l l be 

reached at M * ' = l where the m of the tuyere is equal to the m* calculated by Eq. (4). The 

product mM*' is defined as nominal momentum rate for a tuyere. 

20 



4.2. The bubble expansion wear mechanism for tuyere refractory 

Figs. 13 and 14, as well as Eqs. (8) and (9), show the increase of refractory Wr with M * ' in 

the bubbling regime, indicating a close relation between the wear agents of the refractory 

and the bubble formation at a tuyere. The model developed by A. E. Wraith et al for the 

two-stage bubble growth process at a submerged plate orifice [31-33] can therefore be 

adopted to explore the relation. According to the two-stage model, a hemispherical bubble 

grows radially in the initial stage and evolves to a spherical shape in the later growth stage. 

The spherical bubble detaches from the plate when it is in tangential contact with the plate 

at the end of the second growth stage [31]. 

The radial acceleration and velocity of the bubble surface are very large during the initial 

growth stage and the inertia of the liquid set in motion by the bubble expansion produces a 

reaction force at the gas-liquid interface, resulting in an increased pressure or pressure 

pulse inside the bubble [34-36]. The liquid surrounding the hemispherical bubble is also 

pushed radially outwards by the bubble growth, which washes or shears the refractory 

surface. Thus, due to the hemispherical bubble formation, a high shear stress is exerted 

initially on the refractory surface by the out-pushed liquid, after which a pressure pulse is 

exerted on the surface when the surface is in contact with the bubble base. In the later 

stage, the bubble grows further with a sharply decreased velocity, which leads to a 

reduction of the bubble pressure to the level of the hydrostatic pressure and a shear stress 

of lower magnitude. 

The maximum radius, a, for the initial hemispherical bubble formed by low velocity gas 

injection can be calculated by Eq. (10). Eq. (11) should be used when the gas velocity is 

high. The radius, r, of the spherical shaped bubble at the instant of tangential contact or 

detachment can be calculated by Eq. (12) [31, Paper V] . 

a = 0 . 4 5 Q ° V ° 2 (10) 

^ - 1 2 9 0 9 . 4 4 - ^ - 7 = 0 ( / - - E i - . ) (11) 
4a- Ql pLr0-

r = 0 . 6 4 ß ° - V - 2 (12) 

Eq. (11) is obtained by defining the I factor and using 981 cm/s2 for g. In Eq. (11) r 0 is 

tuyere radius and the unit for r 0, as well as for a, is cm and for Q is cm3/s. The temperature 

of the metal bath, Tß, was taken as the temperature for the gas in the detached bubble and 

used to calculate the gas flowrate at the test condition for computing values of r by Eq. 
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(12). The average temperature, T a , obtained by averaging the bath and room temperature 

was assumed as the temperature for the gas forming the hemispherical bubble. The gas 

flowrate calculated at T a is used in Eqs. (10) and (11) to compute values of a [Paper V] . 

a (1=0.03025) • Wear zone radii 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 

3 

Air flowrate at orifice condition (cm /s) 

Fig. 15 - Disk wear zone radii [Paper II] and calculated a for 1=0.03025 versus 

air flowrate. The values of M * ' are given below the data points. 

The wear zone radii of the H 3 B 0 3 disks formed by 20 tonne force [Paper II] are plotted 

against the gas flowrate in Fig. 15 together with a values calculated using Eq. (11). The 

rather good agreement between the disk wear zone radii and a indicates that the smooth 

wear area has been covered by the initially formed hemispherical bubble. At M*'>0.29, the 

smooth central zone is eroded deeper and the disk weight loss increases notably, which is 

presumably caused by the increased shear stress and pressure from the hemispherical 

bubble formation with increased gas injection rates. The measured RDA values of the C 

bricks agree rather well with the a values calculated for 1=0.041046 in the M * ' range from 

0.41 to 1.05, as seen in Fig. 16 [Paper V ] . It is deduced from this agreement that the high 

shear stress and pressure pulse from the hemispherical bubble expansion are also the 

damaging agents causing the deep wear on the C bricks at M*'<1. 
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Fig. 16 - RDA for C bricks tested with tuyeres of 0.8 mm i.d. [Paper V] and a 

calculated by Eq. (11) with 1=0.041046 versus gas flowrate obtained by 

using T a . The values of M * ' are given below the data points. 
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Fig. 17 - RSA measured for the C and B bricks, the estimated RSA or RSA* for 

the T bricks and r calculated by Eq. (12) versus Q t (calculated by using Tg 

as Ty). The M * ' values for the tests range from 0.1 to 0.5. 
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(a) 

(a) At the beginning, the hemispherical 
bubble expands radially at a high rate 
and pushes out liquid which flows over 
the refractory surface and exerts shear 
stress of high magnitude. High internal 
bubble pressure is applied on the surface 
contacting with the bubble base. 

(S2 1111 1111 S2. 

T 

(b) 

(b) With further growth, the expansion 
rate of the hemispherical bubble is 
reduced leading to a reduction of 
magnitude for the shear and pressure 
force. The bubble pressure Pl and shear 
stress SI at the beginning are greater 
than those at the later instant P2 and 
S2, respectively. 

(c) 

(c) In the later growth stage, the 
liquid is pushed out by the 
expanding bubble and the shear 
stress is exerted on the surface with 
lower magnitude. 

(d) With the bubble detaching from 
surface, the liquid flows towards the 
tuyere and shear stress is applied on 
the surface in the opposite direction. 

In the drawings: HB or SB - Hemispherical or spherical bubble. P - Pressure from 
hemispherical bubble expansion. R - Refractory. S - Shear stress on the surface. T -
Tuyere. 

The drawings: (a) (b): Growth of hemispherical bubble pressed to plate or refractory 
surface in the early stage, (c) After transition from the hemispherical growth stage 
the bubble grows for most of the later stage with its base still spreading on the surface 
in nonwetting metal-refractory system, (d) the bubble detaches from the surface in a 
spherical shape. 

Fig. 18 - Schematic representation of the bubble expansion wear mechanism for 

tuyere refractory at M*'<1 and with occurrences of bubbling [Paper I V ] . 
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The RSA values measured for the C and B bricks, as well as values of the estimated RSA 

for the T bricks, are, c /Fig. 17 [Paper V ] , in good agreement with the values of r, the 

bubble radius at the instant of tangential contact or detachment. It is inferred, based on the 

agreements, that the brick wear, outside the deep wear zone, is caused by the shear stress 

induced by liquid metal which is pushed outwards by the spherical bubble expansion in the 

second growth stage. The liquid may also flow back at the instant of bubble detachment 

and shear the surface again in the opposite direction. The good agreement between values 

of the calculated r and the measured RSA, as well as results in references [52, 53], indicate 

that the bubble covers the refractory surface during most of the time in the second growth 

stage in a nonwetting metal-refractory system. 

The good agreements between values of the calculated bubble radii and the measured wear 

zone radii [Paper V ] , as well as the close relation between the bubbling, back attack and 

wear rate of the disks and bricks, imply that the bubble expansion or growth in two stages 

at a plate orifice or tuyere is not only a gas dispersion process but also a wear mechanism 

for the tuyere refractory. This proposed bubble expansion wear mechanism is 

schematically shown in Fig. 18. 

4.3. On the existing wear models or mechanisms for the tuyere refractory 

The frequency and strength of the pressure pulses were measured at tuyere tip with the 

nominal gas velocity or NMa as the main parameter for the gas injection (Paper I) . The 

back attack model was employed to interpret the test results. The information on bubbling 

and jetting phenomena has also been referred to in the search for connections between the 

dispersion of the tuyere gas and the wear of the tuyere refractory. The back attack 

frequency was regarded as bubbling frequency when it was realised that the frequency of 

the pressure pulse measured at NMa<l was the bubbling frequency. The term 'back attack' 

was, however, continually used in the later papers. 

The cavitation model was used to give better explanations of the observed pitting on the 

surface of disks tested in the water tank (Paper II) . It was inferred that the pits on the 

surface, cf Picture 1, were induced by cavitation erosion, through liquid micro jet pitting 

which was a result of the bubble collapse. The role played by other wear mechanisms, such 

as the back attack and shear, in the disk wear were also examined. The connections 

between processes of gas dispersion and cavitation, have been discussed. Based on the 

similar dependence on NMa of numbers of the back attack and the pits on disk surface, it 

was inferred that the cavitation was induced by the back attack. 

Hardly any evidence of cavitation wear was found on the surface of refractory bricks tested 

at steelmaking temperature (Papers I I I , IV and V). One of the reasons may be that the 

bricks consist of both matrices and agglomerates and the disks are only formed with 

25 



H 3 B O 3 powder. The fact that there was very little or no wear of the bricks tested at 1400 

°C (Paper I I I and IV) suggests that the force magnitude of brick wear agents related to the 

gas injection is lower than the brick strength at the temperature. The cavitation model, 

which may give better interpretations on results from some other experiments, was thus 

not used in Papers I I I , IV and V. 

The measured pressure pulse, regarded as the back attack at tuyere front in Paper I was 

thought to be induced by the expansion of the hemispherical bubble in Paper IV. The back 

attack has also been regarded as the same phenomenon as bubble knocking [28]. The 

bubble expansion wear mechanism described in section 4.2 can therefore account for both 

the back attack and shear wear of the refractory in bubbling flow regime (M*'<1) as well 

as in the region for bubbling-jetting transition (M*'>1) when bubbling occurs. The 

maximum pressure or force magnitude from the bubble expansion is somewhat lower than 

the gas pressure at tuyere inlet [34, 36, Paper I ] . The wear agents, back attack and shear, 

related to the bubble expansion, however, can, through the matrix erosion, damage MgO-C 

bricks used as tuyere or plug refractory around a temperature of 1550 °C or the average 

steelmaking temperature. The bubble expansion mechanism is therefore an important wear 

mechanism to be considered when optimizing performance of the stirring tuyeres and 

plugs in BOF steelmaking. 

4.4. Estimations of mechanical wear for the refractory 

Based on results from studies on the refractory wear and on bubbling-jetting phenomena, 

the following equations are derived from Eqs (10)-(12) for calculations of estimated RDA 

and RSA defined as RDA* and RSA* [Paper V ] . 

RDA*= 0.45 ( Pgt TT v n.0.4 -0.2 

Pat+?LSh TR 
(M*'<1) (13-a) 

RDA*= 0.45 (M*')°- 4 (Mö. Z^O^ ( + } 0.2 
PeO TR 2gRT0 

( M * < 1 ) (13-b) 

RSA* = 0.64 ( - P A T - ^ V g 0 r g-0'2  

Pat+PLgh TR

 8 
(M*'<1) (14-a) 

RSA* = 0.64 ( M * ) 0 - 4 (£&L I t f A ( )0.2 ( M * , < 1 } ( 1 4 . b ) 

Pgo Tr 2 g R T o 

RDA *max = « m a x = 0.45 (*&L f i ) 0 - 4 ( ^ f f l ) 0 - 2 (M*' = l ) (15) 
Pgo Tr tgKio 

26 



RSA*max = w = 0.64 <å!&L 51)0.4 *g_+l) )0-2 ( M , = 1 ) ( 1 6 ) 

Both Vgo and M * ' can be used to compute RDA* and RSA*, respectively, by Eq. (13) and 

(14). Eqs. (15) and (16), obtained with M * ' = l can predict the maximum RDA* and RSA* 

for the tuyere refractory. T 0 , the stagnation temperature for the gas, in Eqs. (13)-(16) may 

be assumed as equal to T R , the room temperature [Paper I I I ] . According to Paper V, it may 

be reasonable to assume T T = T a in Eqs. (13) and (15) for the hemispherical bubble with T a 

obtained by averaging the room and bath temperature. The temperature of metal bath, Tß, 

may be approximated to T T , the temperature for the detached spherical bubble in Eqs. (14) 

and (16). 

Eq. (13-a) shows that the estimated deep wear radius, can be reduced by reducing V g o , the 

tuyere gas flowrate, which is the same as reducing both M * ' and Ao, the cross sectional 

area of a tuyere, as indicated by Eq. (13-b). The same is also true for the reduction of the 

estimated shear wear radius, as shown by Eq. (14). For a lower refractory wear rate, Wr*, 

the nominal momentum rate of a tuyere, mM*', should be lower, which can be achieved by 

lowering either m or M * ' , or both, as revealed by Eq. (8). 

The maximum RDA* and RSA* at M*'=l depend almost entirely on Ao, cf Eqs. (15) and 

(16). The maximum Wr*, c/Eq. (9), depends on m* which is also closely related to Aq by 

Eq. (4). The RDA*, RSA* and Wr* values wil l not increase further with M * ' while M * ' > 

1 and Ao or tuyere diameter is, therefore, the only limiting factor for these wear 

parameters. Thus, i f the gas flowrate cannot be decreased in order to maintain the bath 

stirring intensity, plugs with a smaller tuyere Ao or diameter can be chosen for stirring. 

The smaller tuyere Ao or diameter, which allows the tuyere M * ' values to easily become 

greater than one and sets the maximum values of RDA*, RSA* and Wr* at M* '= l to lower 

levels, wi l l reduce the refractory wear. 

Twice the RDA* computed by Eq. (13) is 28.4 mm and is somewhat greater than the 

distance between tuyere centres, DTC, for test D5 [Paper IV] . The area of the heavy wear 

zone on the brick surface in test D5 was then found to be enlarged, due to an overlap of the 

heavy wear zones of the two tuyeres. This implies that the bubble expansion wear 

mechanism is especially meaningful with regard to the design and performance of the 

multiple-tuyere plugs. Based on the mechanism and results from the single- and double-

tuyere wear tests, twice the maximum a or RDA* computed by Eq. (15) may be regarded 

as the minimum distance between a tuyere and other tuyeres with the same dimension. By 

setting the tuyeres with the minimum distance in the plug refractory an overlap of zones 

for the hemispherical bubble expansion or the high wear can be avoided. For tuyeres 

embedded in refractory or in the multiple-tuyere plugs, two times the maximum r or RSA* 
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computed by Eq. (16) may be regarded as the minimum distance for free tuyeres. The 

refractory surrounding a free tuyere wi l l not be touched by gas bubbles formed at other 

tuyeres. 

The predictions of wear parameters for the tuyere and plug refractory are summarised in 

Table 2. The results in Table 2 and Eqs. (8), (9), and (13)-(16) can be used to achieve 

optimum design and operation for the single- and multiple-tuyere plugs for BOF 

steelmaking. At M*'>1, in the transition region of bubbling-jetting and in the jetting 

regime, the bubble frequency is reduced with increased time fraction for jetting [26-29] 

due to which the refractory wear parameters are either reduced or stop increasing. The 

maximum RDA*, RSA* and Wr* reached at M * =1 may be used, as a first approximation, 

to estimate the refractory wear parameters in the transition region where M * ' may range 

from 1 to 3 [26-29, Papers I and I I ] . 

Table 2. Bubble expansion wear mechanism and predictions of wear 

parameters for tuyere refractory 

Wear agents attributed to bubble expansion at a tuyere and wear predictions 

Two-stage bubble 

expansion process 

Expansion of hemispherical 

bubble in early stage 

Expansion of spherical 

bubble in later stage 

Wear agents induced 

by bubble expansion 

High shear stress and bubble 

or back attack pressure 

Shear stress of lower 

magnitude 

Wear zone and its 

location 

Deep wear zone around 

tuyere 

Shear wear zone around 

deep wear zone 

Wear parameters Wr, RDA RSA 

Change trend of Wr, 

RDA and RSA 

M*'<1, increase with M* ' ; reach maximum at M * ' = l . 

M*'>1, decrease with M * ' or become stable. 

Estimated Wear 

parameters, Wr*, 

RDA* and RSA*, 

at M*'<1 

Wr* = A (mM*') B 

RDA*= a or radius of 

hemispherical bubble 

RSA* = r or radius 

of spherical bubble 

For reducing wear 

of the tuyere or plug 

refractory 

Using smaller inner diameter and M * ' value much 

smaller or larger than one for a tuyere and the tuyere 

distance larger than two times RDA* (or RSA*). 

4.5. On wear of the refractory for tuyeres using oxidizing gases 

The bubble expansion mechanism can also be referred to in estimating some aspects of 

chemical wear of the refractory and wearing effects of a combination of the mechanical 

and chemical stresses induced by the tuyere injection of oxidizing gases, such as C 0 2 [10, 

11]. Calculated values of a and r for the bubbles formed by oxidizing gases can be used to 

estimate the area for corrosive chemical reactions between an oxidizing gas and 
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components in the MgO-C refractory. Some information on kinetics and rates for the 

chemical reactions may also be obtained from the results on the bubble expansion duration 

and formation frequency. 

When C 0 2 gas is used for stirring, the values of DTC, distance between tuyeres, should 

also be greater than two times the RDA* calculated by Eq. (13) or (15). Otherwise, the 

wear of the refractory in the overlap zone of the hemispherical bubbles from the tuyeres 

may be much more serious as both chemical and mechanical stresses exerted on the surface 

are considerably increased by the tuyere interaction. 

4.6. Future work 

Bubble formations from a tuyere at lower M * ' have been suggested as a possible cause for 

cavitation [19]. At higher M * ' the expansion rate of the bubble and velocity of the liquid, 

that is pushed radially outwards by the bubble, will also be higher. The possibility for 

cavitation of liquid steel which has a higher density and higher flowing velocity at higher 

M * ' values may be investigated in later studies taking account of temperature influences 

on vapour pressure of the steel. 

Refractory wear tests at steelmaking temperature may also be performed by using C O 2 gas 

in order to determine the combined effects of the mechanical and chemical stresses on 

refractory wear. The influences of reaction of carbon and MgO in the MgO-C refractory on 

the wear may also be studied by carrying out both single- and double-tuyere wear tests 

using inert gas and C O 2 gas at the steel temperature for the BOF tapping. 

Another aspect of future work, concerning the multiple-tuyere plugs, may be to examine 

the problem of liquid steel penetration into the tuyere. This problem has been studied using 

higher values of M * ' and tube tuyeres [51]. In future studies lower M * ' and other tuyere 

designs, such as slit tuyeres which were shown to give low back attack and shear stress in 

water model studies [20-23], can be adopted for wear tests. 

5. CONCLUSIONS 

For reducing the wear and optimizing the design and operation of BOF stirring tuyeres and 

plugs, mechanisms for mechanical wear of the tuyere and plug refractory have been 

studied by performing back attack measurements and wear tests of H3BO3 disks in water 

models as well as refractory wear tests at steelmaking temperature. 

The frequency of pressure pulse at tuyere tip or back attack frequency measured in the 

water model increases with M * ' , the nominal Mach number, at M*'<1, regardless of tuyere 

inner diameter and reaches a maximum near M * ' = l . The Wr, wear rate of H3B0 3 disks, 

changes in a way very similar to the change of the back attack frequency. The pressure or 
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strength of the back attack depends strongly on values of tuyere inner diameter or injected 

gas flowrate and also influences the wear rate. 

Using Ar gas as the tuyere injection gas and liquid iron at 1400 °C, the wear of tested 

MgO-C bricks is insignificant. With a low Ar flowrate and a low carbon steel at 1700 °C, 

MgO reduction by brick carbon at this temperature has become the dominant refractory 

wear agent. The wear of MgO-C bricks tested at 1550 °C is noticeable, dominated by 

mechanical stresses and caused mainly by matrix erosion. The wear of the burnt MgO 

bricks is hardly measurable at test temperatures from 1400 to 1700 °C. 

With mechanical stresses as dominating wear agents, the W r (wear rate) of the plug (MgO-

C) refractory increases with M * ' up to M * ' = l . After passing the critical point at M*'=1, the 

values of W r do not increase. The values of estimated Wr defined as Wr* depend on and 

can be correlated to mM*', the defined nominal momentum rate from tuyere gas injection, 

while M*'<1. The maximum Wr* reached at M* '= l depends on m*, a function of tuyere 

inner diameter. 

Values of radii of the deep and shear wear zones, RDA and RSA for the tested bricks have 

been compared with the computed radii of the hemispherical bubble and the spherical 

bubble at detachment, respectively. A wear mechanism due to bubble expansion is 

suggested for the tuyere refractory based on the comparison. The bubble expansion 

mechanism accounts for both the back attack and shear wear. By combining the two-stage 

bubble growth model and the wear test results, equations are derived to compute estimated 

values of RDA and RSA, defined as RDA* and RSA*, from low M * ' values up to M * ' = l . 

At M* '= l both RDA* and RSA* attain maximum values. 

To avoid detrimental effects of tuyere interaction the distance between the tuyeres in the 

plug, DTC, should be greater than twice the RDA or DTC>2RDA. The refractory wil l be 

free from tuyere interaction i f DTC>2RSA. The gas flowrate can also be reduced i f the 

DTC cannot be increased. When the RDA and RSA data are not available, calculated 

RDA* and RSA* values can be used to characterise the effects of tuyere interaction and be 

referred to for the design of multiple-tuyere plug. 

A smaller tuyere inner diameter can be chosen to maintain the desired stirring flowrate, 

which sets lower limits for the maximum values of the wear parameters, Wr*, RDA* and 

RSA* at M * ' = l . The tuyeres or plugs should be operated with M * ' values either less than 

0.5 or greater than 1.5 and/or with a low value of mM*' to reduce the refractory wear in 

BOF steelmaking. 
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L I S T OF SYMBOLS 

a maximum radius of the initial hemispherical bubble. 

Ao cross-sectional area of the tuyere (m 2 ) 

g acceleration due to gravity (m/s2) 

h height of liquid bath (m) 

k ratio of specific heats 

m* critical mass flowrate (kg/s) for a tuyere when M is just one calculated by Eq. (4) 

m mass flowrate of the injected gas (kg/s) 

M local Mach number of the gas 

M ' nominal Mach number, M = Af* ( A ± l ) 0 5 [23, 26-29] 

M * ' nominal Mach number calculated by Eq. (6) 

P static gas pressure at tuyere outlet (N/m 2) 

Pat atmospheric pressure (101325 N/m 2 ) 

Ph hydrostatic pressure at tuyere outlet (N/m 2 ) 

bubble radius at the instant of tangential contact or detachment 

R specific gas constant of a particular gas (J/kg K) 

T a T a = (Tr + Tß)/2, average temperature for the gas in the hemispherical bubble 

T B temperature for liquid bath, assumed as the temperature for the detached gas bubble 

T 0 stagnation temperature for the gas, T 0 is assumed equal to 293 K 

T R room temperature, T R = 293 K 

T T gas temperature at test condition, 

Vgo volumetric gas flowrate at 293 K and atmospheric pressure (m3/s) 

p^ 0 gas density at 293 K and atmospheric pressure (kg/m 3 ) . 

pg gas density at test condition. 

pL liquid density (kg/m 3 ) 
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ABBREVIATIONS 

BOF basic oxygen furnace 

cf- compare or confer 

DTC distance between tuyere centres 

EAF electric arc furnace 

i.d. tuyere inner diameter (mm) 

IGS Inert gas stirring 

Nl/min gas flowrate at the temperature of 293 K and pressure of 1.013 bar in litre/minute 

OH open hearth furnace 

RDA radius of deep wear area for tested brick (mm) 

RSA radius of shear area for tested brick (mm) 

WD brick wear depth 

Wr wear rate for disks and bricks 
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A STUDY ON BACK-ATTACK PHENOMENON 

AND T U Y E R E EROSION 

QIXING YANG 

ABSTRACT 

The phenomenon of back-attack of a submerged gas jet and the related erosion 
of tuyeres used for gas injection in metal refining processes have been studied 
experimentally in a gas-water system. Tubular tuyeres and a tubular tuyere 
inserted with twisted strips of different pitches have been designed for 
measurements of back-attack characteristics as well as for erosion tests using 
H 3 B O 3 disks as the refractory simulator. 

The results show that at the transition point from bubbling to jetting flow, 
back-attack and disk erosion rate have maxima. The erosion and back-attack 
frequency drop sharply after passing the transition point. The pressure of 
back-attack fluctuates around the peak value which depends on the tuyere 
inner diameter. The tubular tuyere inserted with a strip twisted to a pitch of 
2.4 cm seems to be optimum for reductions of both the back-attack and the 
disk erosion. 

It is suggested from the study that both back-attack frequency and tuyere 
inner diameter should be adopted as parameters for estimates of tuyere 
refractory erosion. When the gas injection for a tuyere is performed far out 
of the transition region of flow regimes, the erosion due to the back-attack 
may be reduced to a large extent. The point of the transition can be located 
for a tuyere by the detection of the maximum of back-attack frequency. 
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1. I N T R O D U C T I O N 

The gas injection into a furnace through submerged tuyeres has become an important practice 

in refining processes of ferrous and non-ferrous metals. This method provides an efficient 

transportation of powdered or gaseous reagents and also a better mixing in a liquid metal bath. 

As a consequence, homogenization of temperature and concentration as well as higher reaction 

rates in the furnace can be achieved at low cost. The crucial condition for the method to operate 

successfully is to reduce wear of tuyere refractory, and thereby to maintain the tuyeres for a 

long working period. Thus, studies of mechanisms that cause wear of tuyere refractory have 

been of major concern in recent years. 

Some authors have pointed out that the phenomenon of "back-attack" is one of the reasons for 

tuyere erosion [1], [2]. Back-attack has been described as a back flow of gas towards the 

tuyere that results when the gas jet collapses. Due to the damaging potential of back-attack, 

various methods to reduce its occurrence have been tried. Experimental studies in a water 

model have shown that the tuyeres producing swirling gas flow may reduce the back-attack 

frequency, as does the high pressure injection technique [2]. Previous studies have mainly 

focused on the back-attack frequency and methods for reducing it, whereas the dependence of 

the back-attack pressure on operating conditions and, more importantly, the pressure 

influences on the refractory erosion have been left unclear. In view of this, measurements of 

back-attack frequency alone may be of limited help in estimating refractory erosion, since the 

degree of erosion may be dependent on back-attack frequency as well as on back-attack 

pressure. 

In order to get more information about the interrelation between the back-attack characteristics 

(i.e. frequency and pressure) and the refractory erosion, and its connection to tuyere operating 

conditions (i.e. injection rates and tuyere designs), the present experimental study was 

conducted. In the study, back-attack characteristics were measured in a gas-water system and 

boric acid disks were used to simulate the refractory in the erosion tests (see also [3]). This 

enables an easy clarification of the relationship between back-attack and refractory erosion. It 

is also possible to gain some infonnation about the role played by the back-attack pressure by 

varying the operating conditions in erosion tests. 

It has been shown that the strip insertion tuyeres are advantageous to the reduction of back-

attack frequency [2]. It is, however, necessary to perform erosion tests for the tuyeres to 

determine whether the tuyeres with similar design will reduce refractory erosion. For this 

reason, the insertion of twisted strips in a tubular tuyere was chosen as another tuyere design 

in the present study. 
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The nominal Mach number NMa, defined as the ratio of nominal gas velocity to the sonic 

velocity at room temperature, has in previous studies been used as a simple transition criterion 

from bubbling to jetting flow [4]. In this study NMa was also used as an independent 

parameter in presenting and analysing results for tested tuyeres. 

E X P E R I M E N T S 

2.1 General feature of the apparatus 

Water model (i. d. 1.0 m, height 1.0 m) 

Gas inlet 

Probe (i. d. 3 mm) 

Pressure transducer " 

Amplifier -" 

a 
o o 

High speed printer • 

Fig. 1 - Set up for measurements of back attack frequency. 

The experiments were performed in a cylindrical plexiglass water tank with an inner diameter 

of 1 m. Tuyeres were mounted horizontally through a hole in the side wall of the tank, first for 

the back-attack measurements, then for the erosion tests. The distance between the tuyere hole 

and the tank bottom was 25 cm and water level in the tank was 90 cm. Pressure gauges and 

rotameters were used to measure the pressure and the flowrate of the injected an and nitrogen 

gas. Figures 1 and 2 show the experimental set-up schematically. 
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Water model (i. d. 1.0 m, height 1.0 m) 

90 cm 

65 cm 
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Gas inlet 
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Tuyere assemblage 

Fig. 2 - Set up for disk erosion tests. 

2.2 The tuyere designs 

Tubular tuyeres with 4 different inner diameters were used mainly for studies of the 

dependences of the erosion and back-attack on the injection rates. The tuyere dimensions and 

injection parameters are given in Table 1. 

Table 1. - Dimensions and injection operations of tubular tuyeres. 

Code 
Diameter 

(mm) 
Area 

(mm 2) 
Mass flow 
(kg/min.) NMa Code 

inner outer 

Area 

(mm 2) 
Mass flow 
(kg/min.) NMa 

A 2 8 3.14 0.07 - 0.54 0.9 - 7.0 

B 4 8 12.6 0.17- 1.90 0.6 - 6.4 

C 6 10 28.3 0.06 - 3.20 0.1 -4.6 

D 8 10 50.3 0.52 - 3.40 0.4 - 2.8 

For clarifying the influences of tuyere design, swirl gas flow tuyeres were constructed by 

insertions of twisted strips in a tubular tuyere of 6 mm inner diameter. Steel strips of 60 x 5.5 

x 1 mm (length x width x thickness) were twisted with pitches of 1.6, 2.4, 3.6, 4.8 and 6 cm, 

respectively. The pitch length is defined as equal to distance advanced in one revolution. The 

use of 5 values of pitch lengths in the study was also for optimizing the design of this type of 

tuyeres. Table 2 gives the dimensions and injection parameters for the tuyeres. 
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Table 2 . - Dimensions and injection operations of twisted strip tuyeres. 

Code i . d. 
(mm) 

Strip 
pitch 
(cm) 

R 
/ pitch \ 
^ i .d . ' 

Area 

(mm 2 ) 
Mass flow 

(kg/min.) 
NMa 

C 6 - - 28.3 0.06 - 3.2 0.1-4.6 

SA 6 1.6 2.67 22.8 0.16-2.5 0.3 - 4.4 

SB 6 2.4 4.0 22.8 0.3-2.8 0.5-5.1 

SC 6 3.6 6.0 22.8 0.3 - 2.3 0.5-4.1 

SD 6 4.8 8.0 22.8 0.3 - 2.3 0.5 - 4.2 

SE 6 6.0 10.0 22.8 0.2 - 2.2 0.4 - 4.0 

2.3 The back-attack measurements 

For detecting the back-attack, a sensing probe and a pressure transducer were used. The probe 

was a steel tube with an inner diameter of 3 mm and located very close to the outer edge of the 

tuyere tip. The other end of the probe was coupled to the pressure transducer (Dynisco, Model 

PT311J, Natural Frequency > 2500 Hz ) which could be connected to either an amplifier and a 

high speed printer or to a FFT analyser. 

When recording the back-attack frequency, the initial setting for the amplifier was fixed and the 

ranges of recorder sensitivity were changed accordingly from 1 to 5 mv/division as to prevent 

the saturation of pressure signals. Two measurements of back-attack frequency were made for 

each operation condition. The recording time was about 10 seconds. The frequency counting 

was done manually, then the two counting results were averaged. 

The measurement of the back-attack pressure was carried out with the FFT analyser for tuyere 

D (i.d. = 8 mm). Eight runs were made at one gas flowrate and the recordings were used to 

compute the average value of back-attack pressure. 

2.4 The erosion tests 

The refractory simulator - H3BOj disks: 

The chemical pure H 3 B 0 3 powder was moulded into disks with outer diameter of 6.8 cm and 

height of about 3 cm under a pressing force of 10 tons. After pressing, a hole was drilled in 

the disk centre as to insert the tuyere front. The disk density is 1.35 ton/m3. In order to 

determine the disk solubility, some formed disks were put in still water for different length of 
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Time in still water (min.) 

Fig. 3 - Disk solubility. 

time and their mass loss was determined by weighing. The results are shown in Fig. 3 and it is 

seen that the weight loss is linearly dependent on the immersion time. As the solubility is very 

low, its influence may be neglected on results for erosion tests. 

Test procedure: 

After a disk was weighed and mounted together with the tuyere on the side-wall, tap water was 

filled into the tank. Gas injection was started when the demanded water level was reached. The 

test time for each operation condition was 25 minutes or less. The tested disks were weighed 

again and some examinations were performed when the disks were completely dry. 

3. R E S U L T S 

3.1 Back-attack measurements 

Back-attack frequency for tubular tuyeres: 

The relations between the back-attack frequency and the nominal Mach number are given in 

Fig. 4 for the tubular tuyeres of different inner diameter. It is seen that the frequency increases 

from low values to peaks (= 35 s"1) located in the neighbourhood of a nominal Mach number 

equal to unity. Passing the peak, the frequency decreases continuously as NMa increases. 

After NMa > 2, the frequency fluctuates around a lower level (= 5 s"1) regardless of increase in 

nominal Mach number. 
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Fig. 4 - Back-attack frequency vs. NMa for tubular tuyeres. 
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Fig. 5 - Back-attack pressure vs. NMa for the tubular tuyere of i.d. 8 mm. 

77ze pressure of back-attack: 

When making the frequency measurement for the tuyere with a larger inner diameter, it was 

necessary to adjust the recorder sensitivity because of an increase in the pressure magnitude. 

This may reveal that the back-attack pressure is somehow dependent on the gas flowrate or 

tuyere inner diameter, as a higher flowrate is needed for a larger diameter tuyere to reach a 

certain value of NMa. 

Fig. 5 shows the pressure of back-attack as a function of nominal Mach number for the tuyere 

of 8 mm inner diameter. The pressure increases from a lower to a higher value while the NMa 

increases. There is also a peak pressure after passing the point of NMa = 1. But the pressure 

rise and drop outside the peak region are not as drastic as that for the frequency. The 

magnitude of the back-attack pressure is in the range of 1.13-1.29 bar (absolute). 

Frequency measurements for tuyeres with strip insertion: 

The method used to calculate the NMa for the tuyere with a strip is the same as that for the 

tubular tuyeres. Fig. 6 shows frequency versus NMa for those tuyeres. A tubular tuyere of 

inner diameter of 6 mm (code C) serves as a reference in the figures. It is seen that the shape of 

the frequency curve for strip insertion tuyeres is similar to that for the tubular ones. The peaks 

of frequency for tuyeres SA and SB (which had shorter pitches) are only one half of that for 
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Fig. 6 - Back-attack frequency vs. NMa for tuyeres with strip. 
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the reference tuyere. The occurrences of the peak frequency are seen at the nominal Mach 

number of 1.5-2.0. For the longer pitch tuyeres (tuyeres SC, SD and SE) the peak values of 

frequency are almost the same as for the tuyere C with a little shift of occurrences to higher 

values of NMa. 

3.2 The erosion tests 

The erosion of boric acid disks is characterized by the weight loss rate, RL, which is calculated 

by the formula 

Ri 

Wu-W 
100% 

w b  
T t 

where: 

R L = the rate of disk weight loss , %/min 

T t = test time, minutes 

W a = the disk weight after test, gram 

W b = the disk weight before test, gram 

The R L could be regarded as a simulant erosion rate of refractory around a tuyere. 

The disk erosion for tubular tuyeres: 

Fig. 7 shows loss rates of disks as a function of nominal Mach number. It is clear from the 

figure that while NMa is low, for tuyeres with inner diameters of 4, 6 and 8 mm, values of R L 

increase to peaks near the point of NMa = 1, then decrease as NMa further increases. Also 

seen from the figure is the dependence of R L on the tuyere inner diameter. In general, for the 

same value of NMa the larger the tuyere inner diameter is, the higher the disk erosion rate. 

More specifically, within the range of NMa value of 0.5-1.4 the R L , especially the peak R L , is 

almost doubled with a doubling of tuyere inner diameter at the same NMa. This means that the 

pressure of back attack, which is related to the tuyere inner diameter, is another important 

factor in considerations of tuyere erosion. 

The loss rate of disks as a function of the mass flow is presented in Fig. 8 for tuyeres with 

inner diameter of 6 and 8 mm. The figure shows that with the same flowrate a smaller tuyere 

gives generally less erosion than a larger one. However, exceptions may occur at the flowrate 

where the peak R L results for the smaller tuyere. As seen from Fig. 8, with a mass flow of 0.7 
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Fig. 7 - Disk weight loss vs. NMa for tubular tuyeres. 
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kg/min the maximum RL occurs for the 6 mm diameter tuyere and the R L is higher than that for 

the one with 8 mm diameter. This demonstrates that the location of the peak R L depends on the 

tuyere inner diameter when the RL is plotted against the flowrate. When plotted against NMa 

the location of the peak RL is independent on the tuyere diameter. Thus for an estimation of the 

influence of tuyere operation conditions on the erosion rate the NMa may be a better parameter 

than the flowrate. 

From examinations of tested disks, the general features of tuyere wear are described in three 

stages, which are ranged according to NMa. A schematic drawing is given in Fig. 9. Some 

pits with radius about 1 mm were also found distributed randomly on the surfaces of some 

tested disks. 

The disk erosion for tuyeres with strip insertion: 

The test results for those tuyeres are presented in Fig. 10. The reduction in erosion rate for 

tuyere SA and SB compared with the reference tuyere (code C) can be attributed to the 

reduction in back-attack frequency (see Fig. 6) as the flow rate is almost the same for the three 

tuyeres. 

The relations of R L versus NMa for tuyeres with longer pitch strips (tuyere SC, SD and SE) 

are similar to that for tuyere C. This is consistent with the frequency behaviours of the tuyeres 

shown in Fig. 6. 
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1. The stage of low wear (NMa < 0,5) . 

2. The stage of peak wear (NMa 0,8—1,6 ) . 

3. The stage of stable lower wear (NMa > 1.8). 

A - disk after test, b - disk before test, c - tuyere edge, p - pit. 

Fig. 9 - Three stages of disk wear. 
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4 . D I S C U S S I O N 

4.1 The correlation between the back-attack and bubbling-jetting phenomena 

In the studies of submerged gas injection with different liquid-gas system, two flow regimes 

have been distinguished in the vicinity of tuyere exit [4], [5]. As shown in Fig. 11 (from [4]), 

when NMa < 1, bubbling is dominant. The jetting flow regime starts after passing the point of 

NMa = 1 and will dominate as NMa increases. This applies to tubular tuyeres in the different 

liquid-gas system. For other tuyere designs the transition point may differ. 

In the present study, the back-attack frequency increases in the bubbling region as the nominal 

Mach number increases and decreases after jetting flow starts. The peak values of the back-

attack frequency occur near the transition point of the two flow regimes. A few back-attacks 

can also be detected in the jetting region. Those back-attacks may result from a jet instability 

which causes a temporary appearance of bubbling. In this sense, the back-attack frequency 

may be regarded as the bubbling frequency and information on the nature of bubbling flow 

will be very useful in understanding the back-attack phenomenon. 

4.2 Back-attack and erosion of tuyere refractory 

It has been shown in Section 3 that variations with respect to NMa are very similar in back-

attack frequency and the weight loss rate of disks. The frequency and pressure of back-attack 

both have peak values at the transition point for the flow regime and may jointly cause the peak 

erosion of the refractory simulator found at the point. This indicates that the erosion of tuyere 

refractory is closely related to the back-attack phenomenon. Experimental results also show 

that the back-attack frequency is dependent on the gas velocity or NMa. The back-attack 

pressure seems to be a function of the tuyere inner diameter or the gas flow rate. Those results 

suggest that for estimations of refractory erosion with regard to injection operations the NMa 

and tuyere diameter may be jointly adopted as parameters. When NMa is the same, the erosion 

rate wi l l be higher for a larger tuyere. For a tuyere of certain design less erosion can be 

achieved i f NMa is kept well outside the transition region from bubbling to jetting. When 

operating in the transition region, for the same value of NMa the erosion rate may increase 

linearly with the increase of tuyere inner diameters. The transition point can be located for a 

tuyere by determining the peak of back-attack frequency. 

The pressure of back-attack is less fluctuant with respect to NMa than the frequency of back-

attack. So the pressure may be less important to the erosion evaluation for a particular tuyere. 

In this case the erosion extent is mainly dependent on the back attack frequency. With a change 
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of tuyere design, the pressure effects on the erosion must be considered, however, because the 

pressure amplitude will change. 

The pressure magnimde of back-attack is less than 1.3 bar for the tuyere with an inner diameter 

of 8 mm. The pressure may not be able to damage the disks used as the refractory simulator. 

This fact makes the inference questionable that the refractory is eroded directly by the back-

attack. Thus, the possibility of some other hydrodynamic phenomenon, which has higher 

damage potential and is induced by the back-attack, should be considered. 

4.3 The effects of tuyere design 

The test results for tuyeres with strip insertions show that a proper choice of pitch length will 

reduce the erosion rate. The occurrences of the peak erosion are also shifted to higher values of 

NMa. This is a direct consequence of the reduction and shift of the peak frequency. The 

frequency reduction for the strip insertion tuyeres may be connected to a larger angle of jet 

expansion induced by the swirl gas flow. The lateral expansion of the gas upon leaving the 

tuyere may somehow stabilize the gas jet which result in a reduction of the back attack 

frequency. 

The rotating gas flow also enhances heat transfer but demands higher gas supply pressure. 

These factors should also be taken into considerations for a optimum pitch of the twisted strip. 

5 . C O N C L U S I O N S 

The back-attack study and erosion tests in a gas-water system lead to the following 

conclusions: 

1. Back-attack frequency can be regarded as bubbling frequency and depends on the nominal 

Mach number or the nominal gas flow velocity. The peak value of frequency occurs at the 

point of transition from bubbling to jetting flow regime. 

2. Back-attack pressure can be related to gas flowrate and may be safely treated as a constant 

for a particular tuyere. When the nominal Mach number is used as a operation parameter, 

the pressure can be regarded as a function of tuyere inner diameter. The magnitude of 

back-attack pressure measured for the tuyere with an inner diameter of 8 mm is less than 

1.3 bar. 

3. The erosion of the refractory round a tuyere is closely related to the back-attack 

phenomenon. The data on the back-attack frequency may be used confidently for 
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estimating the erosion extent of a particular tuyere. To estimate the erosion for tuyeres of 

different design, it is necessary to consider both frequency and pressure of back-attack 

which can be characterized by the NMa and tuyere inner diameter. The highest erosion 

wil l occur in the region of transition for the flow regimes. So for achieving a longer 

working period, a tuyere should be operated well out of this region. In the transition 

region, for the same value of NMa the erosion rate may increase linearly with the tuyere 

inner diameter. Far outside this region the influence of tuyere inner diameter on the 

erosion may be negligible. 

4. The transition point for bubbling-jetting can be located for a tuyere by the measurement of 

back-attack frequency or the erosion tests. The former is easier and inexpensive. The 

transition region for tubular tuyeres is suggested to be from the nominal Mach number of 

1.0 to that of 1.5. For the strip insertion tuyeres, the region shifts to higher values of 

NMa dependent on the pitch length of twisted strip. 

5. The back-attack frequency and disk erosion rate are reduced for tuyeres with twisted strip 

of proper pitch. The occurrences of peak frequency and erosion have also been shifted to 

higher NMa values compared with the tubular tuyere. The optimum pitch length for 

twisted strip recommended according to the present study is about 2.4 cm for reducing the 

erosion of tuyere refractory. 
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L I S T O F S Y M B O L S 

i . d. = inner diameter of the my ere 

NMa = the Nominal Mach number defined as the ratio of nominal gas flow velocity to 

the sonic velocity. The nominal gas flow velocity is obtained by dividing the gas 

flowrate by the cross-sectional area of the tuyere. 

R L = the rate of disk weight loss , %/min 

T t = test time, minutes 

W a = the disk weight after test, gram 

W b = the disk weight before test, gram 

18 



R E F E R E N C E S 

1. Aoki, et al: "Characteristics of submerged gas jets and a new type of bottom blowing 

tuyere". Proceedings of Injection Phenomena in Extraction and Refining, University of 

Newcastle upon Tyne. Department of Metallurgy and Engineering Materials 21-22 April 

1982. 

2. Carlsson G. and Burström E. : "Aspects on tuyere design prolonging the life of a tuyere" 

SCANINJECT IV part 1, 5; June, 1986. 

3. Gustafsson S.and Terner G. : "On the bubbling-jetting transition and its influence on 

nozzle wear". Department of Process Metallurgy, Royal Institute of Technology, S-100 44 

Stockholm, Sweden. Proc of Shen Yang Symposium on Injection Metallurgy & 

Secondary Refining of Steel, 1984, Sept. 19-21. 

4. Ozawa Y. and Mori K. : "Effect of physical properties of gas and liquid on bubbling-

jetting phenomena in gas injection into liquid". Transactions ISIJ Vol. 26, 1986 (291-

297). 

5. Hoefele E.O. and Brimacombe J.K. : "Flow regimes in submerged gas injection". 

Metallurgical transactions B volume 10B, December 1979-631. 

19 



II 

EROSION OF REFRACTORY DURING GAS 
INJECTION 

- A CAVITATION BASED M O D E L 

Presented at SCANINJECT V, MEFOS, LULEÅ, Sweden, 
June 6-8, 1989, and 

published in Scandinavian Journal of Metallurgy 19 (1990) 127-136 



Scandinavian Journal of Metallurgy 19 (1990) 127-136 

Erosion of refractory during gas injection -
a cavitation based model 
Qi-Xing Yang*, Håkan Gustavsson* and Eric Burström** 

*Division of Fluid Mechanics,Luleå University of Technology, S-951 87, **MEFOS - Metallurgical Research Plant, 
Box 812, S-951 28 Luleå, Sweden 

The problem of tuyere refractory wear has been studied in an air-water model using a 4 mm diameter tuyere. Erosion 
tests, with boric acid ( H 3 B 0 3 ) disks as refractory simulators, and measurements of back-attack frequency were carried 
out. The erosion pattern showed two distinct features: isolated elliptical pits and a continuous irregular shear wear 
pattern. The influence of the surface hardness and gas flow rate on these features was investigated. Pitting was found most 
frequently on disks formed at the lowest pressure (10 tons), but for pressures greater than 20 tons little difference was 
seen between disks. When the gas flow was in the bubbling regime, pitting was observed inside the region closest to the 
tuyere tip, with a maximum at the transition to jetting flow. Occasionally, pits could still be observed when the gas flow 
rate was rather high (NMa = 1.82). The irregular wear pattern appeared independent of disk surface properties, however 
sensitive to the gas flow rate. In the bubble flow regime, the wear was seen only outside a certain radius, which 
corresponds well to the radius of the bubbles. In the jetting regime, the wear was also observed close to the tuyere. The 
disk weight loss showed a maximum in the bubbling-to-jetting transition region, where the back-attack frequency also 
reached a maximum. The results support the idea that cavitation erosion, through liquid microjet pitting, is the main 
mechanical wear agent. A model for the generation and collapse of cavitation bubbles is proposed. Applied to gas 
injection into liquid metals, the model suggests greater erosion due to higher cavitation intensity, but also indicates 
ways of reducing cavitation erosion of tuyere refractory. 

Key words: tuyere, refractory erosion, cavitation, back-attack, bubbling, jetting, wall shear, model test. 

Introduction 
Submerged gas injection through tuyeres has been widely 
adopted in steel making operations, such as Q-BOP, A O D 
and the combined-blowing L D process, and other nonfer-
rous metal processing converters. Besides the inherent ad
vantages of this technique, one often also encounters the 
problem of severe wear of refractory near the tuyere tip. One 
of the direct consequences of the wear is a shortening of the 
tuyere operation time. I t also means higher material and 
maintenance costs. 

The wear is due to chemical, thermal, and mechanical 
reasons, the relative importance of which depends on the 
operation conditions of the tuyere. I n order to determine 
the characteristics of each factor, the usual procedure has 
been to study one factor at a time. 

To clarify the mechanical cause of refractory wear, which 
wil l be defined as erosion, a number of experimental investi
gations have been conducted in various gas-liquid systems 
at room and elevated temperatures. Specifically, valuable 
information about the problem has been obtained f rom 
studies of gas dispersion and bubbling-jetting phenomena 
in gas injection into l iquid [ 1 , 2] . 

Aok i et al. [3 ] investigated the characteristics of a sub
merged jet in a water model. They concluded that an import
ant factor in tuyere refractory erosion is the back-attack 
phenomenon in which the gas jet is pinched off and the 

Abbreviations: BAF, Back-Attack Frequency; BHN, Brinell Hard
ness Number; DFP, Disk Forming Pressure (ton). 

gas blows back at the surface. They also showed that the 
phenomenon could be eliminated by an appropriate design 
of a flattened nozzle in a small furnace with 60 kg hot 
metal. Carlsson & Burs t röm [4] measured the back-attack 
frequencies of tuyeres with various designs in a water model, 
a 5t ladle and converters of different scales. The results 
suggested that a spiral tuyere was a preferable design as far 
as the back-attack erosion was concerned. 

Some investigators have found indications of cavitation 
erosion in the circular region some distance away from the 
tuyere tip on the surface of tested refractory simulator [5, 
6] and have regarded cavitation as a main cause of mechan
ical wear in the region at low gas flow velocities. 

Field & Ögren [ 7 ] estimated the damaging potential of a 
back blowing gas jet with or without l iquid drops entrained. 
The estimates reveal that i t is not possible for a gas jet, even 
i f impinging at sonic velocity, to erode a solid surface because 
the stagnation pressure is much too low due to the low 
density of the gas. The high-speed pictures f rom their experi
ment show that there are many bubbles and cavities near 
the surface through which the tuyere emerged. These bubbles 
and the instability of the submerged gas jet were regarded 
by them as ingredients for cavitation damage. 

Cavitation is an important problem in many flow situ
ations and has been studied extensively. I t is similar to local 
"boiling" which results f rom the reduction of local pressure 
below vapor pressure and provides bubbles and vapor re
gions in the liquid. I f the pressure is increased rapidly the 
bubbles wi l l implode. Such implosions or collapses of the 
bubbles can damage metallic or ceramic structures nearby. 
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I n many cases the pressure oscillations necessary for cavi
tation occur when there are variations of l iquid velocity. I n 
some cases the oscillations occur due to surface vibration or 
acoustic radiation even though the liquid is at rest. 

Rayleigh (8) was the first to analyse the collapse of an 
isolated spherical cavity in an incompressible and inviscid 
liquid under hydrostatic pressure. In later work the effects 
of surface tension and viscosity were included [ 9 ] . These 
analyses show that the processes of collapse and rebound of 

a cavity can produce a pressure as high as 1 Gpa (10 k bar), 
which is much higher than the yield stress of many metals. 
The pressure falls off very rapidly within a few bubble radii 
but obviously has damage potential to a solid surface near 
the collapsing bubble. 

Kornfeld & Suvorov [10] studied the situation of an 
asymmetric cavity collapse and suggested that the collapse 
would produce a liquid jet. I f the asymmetric collapse occurs 
near a solid surface and the jet directs towards it, then a 
liquid/solid impact wi l l result with a generation of a "water 
hammer" pressure given [11 , 12] by: 

P = V L 8 L C L Q S C s / ( q l C l + q s C s ) (1) 

where P is the water hammer pressure and V L the speed of 
the liquid jet. The indices L and S refer to liquid and solid, 
respectively. The duration, t , of this high pressure is given 

by 

- = r / C (2) 

where r is the jet tip radius. When the cavity is not near 
enough to the solid surface, the jet impact w i l l produce a 
pressure pulse given by 

P = Q l C L V l / 2 (3) 

in liquid, which wil l influence other cavities close to the 
surface. 

The formation of the liquid microjet has been studied both 

analytically and experimentally. Plesset & Chapman [13] 
examined the jet formation in an asymmetrical pressure field 
near a solid surface and found that the jet formation was 
most pronounced for cavities closest to the solid surface. 
Lauterborn [14] showed experimentally that the jet velocity 
is typically 130 m/s for a pressure difference, AP, of 1 bar 
and varies as AP 0 5 . 

Mader [15, 16], Lesser [17] , and Dear & Field [18] 
studied the shock wave induced collapse of a cavity and 
demonstrated that when a 2.5 K bar shock passes over a 
cavity the jet velocity wil l be ca. 400 m/s. This is sufficient 
to damage a ceramic surface. 

Field & Ögren [ 7 ] combined the information available 
on cavitation research and the practical situation in sub
merged gas injection and pointed out that various collapse 
processes can take place additively in a liquid containing 
cavities. The pressure waves f rom cavities collapsing by 
the Rayleigh or Plesset mechanisms can pass over nearby 
cavities and induce collapse which wi l l result in much more 
violent l iquid jets. This was regarded by them as the two-
stage mechanism. 

They also discussed various mechanisms by which the 
unstable gas jet can generate pressure waves in a liquid. One 
example given is that during the processes of jet constriction, 
break-down and reformation, the movements of the gas jet 

boundary wi l l radiate waves towards the surface which 
wil l affect cavities there. Another possibility is, when the 
similarities between a supersonic gas jet in gas and in liquid 
are considered, that the shock wave wi l l be produced by a 
gas jet which is sonic at the tip of the tuyere and expands 
into the cavity supersonically. 

Thus a new model based on cavitation erosion was sug
gested by the authors. The model retains most of the features 
of the earlier observations on the submerged jet instability 
and proposes that the rapid collapse of bubbles, outside the 
jet but near the surface, is a main mechanical cause of the 
refractory wear. This new model is shown schematically in 

Figure 1. 
The mechanism put forward by Field & Ögren focuses 

attention to cavitation as the strong mechanical wear agent 
of refractory material. I t thus opens the way of treating the 
problem f rom the view point of impulsive motion of fluids. 
Further work along this route is considered necessary for 
the purposes of clarifying: (1) the interrelation between cavi
tation and other wear mechanisms, (2) the influence of the 
properties of solid surfaces on cavitation erosion, (3) the 
effects of tuyere operating conditions (including the prop
erties of fluids) on cavitation inception. The present work 
has been motivated for these purposes. 

Since the model connects cavitation and the instability of 
a submerged jet, experimental studies should be performed 
in the presence of gas injection. This has given rise to 
difficulties when applying the techniques of high-speed pho
tography [7] because the two phenomena are transient and 
cavitation occurs randomly in space. 

Apart f rom high-speed photography, a widely used tech
nique in cavitation research has been accelerated damage 
testing. This involves a controlled time of exposure of ma
terials to a cavitation attack of a fixed average intensity [20]. 
The testing results have provided much information on 
the mechanics of cavitation attack on materials and the 
resistance of different materials to cavitation damage. This 

C: CENTER OF BUBBLE COLLAPSE CAUSED BY THE 

RADIATED PRESSURE WAVE FROM CAVITY . 

S: SHOCK WAVE EMITTED FROM COLLAPSED BUBBLE AND 

INTERACTING WITH SOLID SURFACE AND BUBBLES 

N E A R B Y. 

J : L IQUID MICROJET INDUCED BY BUBBLE-SHOCK WAVE 

INTERACTION IMPINGING ON THE SURFACE WITH HIGH 

VELOCITY . 

BUBBLE 

Fig. 1. Mechanism of cavitation erosion of tuyere refractory. 
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is mainly obtained through the examinations of the charac
teristics, rates and size distributions of damage pits produced 
by cavitation blows registered on specimen surfaces. Some 
similarities between the damage testing and the wear testing 
in the studies of tuyere refractory erosion [6, 21] have been 
noticed. This suggests that the erosion test in a gas-water 
system is still applicable provided a refractory simulator is 
properly chosen. The simulator should register the damage 
pits from cavitation blows within a reasonably short time. 
The density and hardness of the simulator, which are the 
properties determining the resistance of a material to cavi
tation attack, can also be varied by changing some par
ameters in their preparation. 

In the present work such erosion tests have been carried 
out. The measurements of back-attack frequency have been 
performed as a complement for seeking connections between 
the previous and present studies in the field. The classical 
theory of bubble dynamics and the relevant information 
from some other workers have been adopted for analysing 
the experimental results. These wil l be described in the 
following sections. 

Experimental 
The simulator - H-.BO.s disk 

Our own working experience [21] and that of others [6] 
have shown that disks made by pressing H 3 B 0 3 powder 
wil l serve the purpose of the present work. The disk forming 
pressure, DFP, can be changed, which wi l l give different 
values of disk density and hardness, hence enabling studies 
of the dependence of the erosion on disk properties. The 
H 3 B 0 3 disks used in the erosion test were formed by pres
sures of 10-60 tons. The disks had approximately a height 
of 20 mm, a diameter of 68 mm, and a weight of 100 grams. 
The disk density and B H N (Brinell Hardness Number) are 
shown in Figures 2 and 3 as a function of DFP . The density 

D F P (TON) 

Fig. 2. Disk density vs. DFP. 
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Fig. 3. BHN vs. DFP. 

and B H N are closely interrelated, i.e., the higher the density, 
the harder is the disk. A strong dependence of disk density 
and B H N on D F P is seen when the DFP is less than 40 
tons. There seems to be no relation between disk solvability 
and DFP, as seen f rom Figure 4. The rate of disk weight 
loss is less than 0.05%/min and is higher when gas is dis
charged into water. I f the test time is suitably chosen, the 
influence of disk solvability on surface examinations can be 

neglected. 

Equipment and testing conditions 

The erosion tests. The tests were performed in a stainless steel 
water tank of 1225 mm x 730 mm x 750 mm (Length x 
Width x Height). A tuyere with an inner diameter of 4 mm 
was assembled vertically together with a testing disk into an 
assemblage which can be easily put into the tank for test 
and taken out for changing disk, as shown in Figure 5. Air 
served as injection gas and the nominal Mach number (NMa) 
ranged f rom 0.146 to 1.823. The test time was 10 min. Other 
experimental details can also be found in Figure 5. 

Measurements of back-attack frequency. As a complement 
to the erosion tests measurements of back-attack frequency 
were carried out in a plexiglas water tank with inner diameter 
of 1 m. A tuyere of 4 mm diameter was mounted horizontally. 
The injection gas was air. For varying values of N M a , back-
attack frequencies were recorded by the set-up shown in 
Figure 6. Some details can also be found in [21]. 

D F P + 

o 10 T X 
& 

+ 20 T 

A 30 T 
o 40 T 

x 50 T S 

1 

TIME IN STILL WATER (MIN.) 

Fig. 4. Disk solvability. 

w a t e r l e v e l 43 cm  

INJE. OPERATION: 1: Air of 293 k, 2. P = 
3. Flowrate = 2265-28306 l/h, 4. NMa = 

Fig. 5. Experimental set-up for erosion tests. 
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C: T u y e r e w i t h 
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D: H 3 B 0 3 d i sk . 
E: G a s in le t . 
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Results 
The erosion tests 

Appearances of tested disks. Pictures of tested disks are 
shown in Figures 7-11. The tests resulted in a marked 
difference in surface appearance between disks wi th D F P of 
10 tons and those with higher DFP. Therefore, only disks 
with D F P of 10 tons and 20 tons are shown. 

I n Figure 7 is seen a sequence of disks, with D F P of 10 
tons, for increasing values of the nominal Mach number. At 
the lowest N M a the region closest to the center hole is 
smooth, surrounded by a coarser surface which is caused by 
shear wear. The size of the smooth region is seen to increase 
wi th N M a ti l l about N M a = 0.98 after which i t is not 
observable. For N M a < l , the gas flow is in the bubbling 
region so the size of the smooth area is a measure of the 
bubble diameter. In fact, the diameter of the smooth area 
develops, at least in the lower NMa-range, close to (Q)° 4 as 
predicted from formula [29] of ref. [22] where Q is the 
volumetric injection rate and which is proportional to N M a . 

Starting at N M a ~ 0.33, the smooth surface is increasingly 
covered with irregularly distributed pits which at N M a = 
1.23 are seen to be so closely spaced that individual pits are 

difficult to discern. The detailed examinations of pits reveal 
that most of them are not round but rather elliptical in 
shape. The deeper part of an elliptical pit is usually towards 
the disk center and the shallower part towards disk edge. 
For simplicity, the pit diameter is also adopted for pit 
counting and is defined as the average value of the major 
and minor axes of the elliptical pit. 

A t still higher N M a ( > 1.5), the gas flow is in the jetting 
region and both the smooth surface and individual pits 
cannot be seen. This is because disks with D F P of 10 tons 
are not only much less resistant to the cavitation but also 
less resistant to the shear erosion. 

The effect of D F P on these features is shown in Figure 8, 
where disks with D F P = 10 tons and D F P = 20 tons are 
compared. Whereas the smooth region is similar, the number 
of pits for the higher D F P disk is seen to have been drastically 
reduced. This indicates that the higher D F P produces a 
surface which is largely resistant to the bubble collapses that 
generates the pits for the lower D F P disks. 

Close-up pictures of disks with D F P = 20 tons are shown 
in Figures 9-11 at increasing N M a . The smooth central 
region is seen here even at N M a = 1.23 because the number 
of pits is strongly reduced, as compared to the lower 
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A: Water tank 0 = |M. 
B: Air inlet. 
C: Tuyere assemblage. 
0: Tuyere. 
E: Probe. 
F: Pressure transducer. 
G: Amplifier. 
H: Recorder. 

Fig. 6. Set-up for measurements of back-attack frequency. 

D F P value disks. At N M a = 1.82 pits can still be found on 
the coarser region, which has covered the whole disk sur
face. 

I t is also seen f rom Figure 9 and pictures 1 and 2 of Figure 
7 that the smooth central region is little higher than the 
outside coarser surface when N M a < 0.3 whereas after 
N M a > 0.33 the central region is eroded deeper due to pit
ting, as shown by other pictures of Figure 7 and Figure 10. 

Disk weight loss. The weight loss of a tested disk was 
calculated by subtracting the weight after test from the 
weight before test. Figure 12 shows the loss (in gram) as a 
function of N M a (Graph A is for D F P = 10 tons, graph B 
for higher values of DFP). For disks of different D F P the 
loss increases with N M a , unti l a peak loss f rom which it 
decreases as N M a is further increased. The peak loss is in 
the N M a range 0.8-1.6. Wi th in the peak region the loss, 
especially the value of maximum loss, of disks of D F P = 10 
tons is higher than those of disks with larger DFP. The 
difference is largest at N M a = 1.23 at which pitting has been 
found most severe on the surface of disks with D F P = 10 
tons (Fig. 7). From this it can be concluded that the difference 
in loss is directly coupled to the difference in pitting observed 
on the disks. Outside the peak region the difference in loss 
is not as pronounced as that inside since pitting is not so 
frequent. 

Counting of pits. As the pits scattered on the disk surface 
may give important information about the erosion mechan
ism, the number of pits was counted for selected disks. For 
disks of D F P = 10 tons the pitt ing is most pronounced. 
For N M a > l (Fig. 7) many pits overlap, which makes the 
counting impossible. So for those disks, counting was per
formed up to N M a = 0.98. 

In Figure 13 is shown the pit number as a function of 
N M a for disks of different DFP. For the lowest D F P the 
pit number is seen to rise abruptly whereas the higher D F P 
disks show a more gradual approach to a maximum. Despite 
the obvious scatter in data, i t is seen that the lowest D F P 
disk exhibits 3^1 times as many pits as the others. 

The distribution of pit diameter is presented in Figure 14. 
I t is seen that, apart f rom the sharp rise in pit number and 
its much higher value, there are also more pits with larger 
diameters for the disks of D F P = 10 tons compared with 
other disks. For the disks of D F P > 10 tons with the same 
N M a value, numbers of total pits and larger diameter pits 
counted, in general, are less on the surfaces of disks with 
higher DFP." 

From differences in pit numbers and the weight loss be
tween disks with D F P = 10 tons and those with higher D F P 
(Figs. 12-14) it can be deduced that a considerable portion 
of the disk weight loss is due to the pitting, especially the 
peak loss. 

Sack-attack frequency (BAF) measurements 

The results of the measurements are shown in Figure 15. 
The back-attack frequency increases f rom a low value to a 
peak located in the neighbourhood of N M a = 1.1, which is 
very near the point defined as the transition point from 
bubbling to jetting flow regime (2). Passing the peak, BAF 
decreases continuously for increasing N M a . After N M a > 2 , 
the back-attack frequency becomes stable around a lower 
level (approximately 4 Hz) almost regardless of increase in 
N M a . 
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Fig. 7. Pictures of tested disks of 
DFP = 10 t. 

Discussion 
Evidence of cavitation erosion 

In erosion tests described above, pits of diameters ranging 
f rom 1.0 to 2.25 mm were found randomly distributed on 
the surfaces of tested disks with different D F P values. Using 
the information f rom the disk hardness tests (5 kg load is 
applied to a 5 mm diameter indenter), a rough estimate 
shows that the pressure required to produce the pits of 
average diameter 1.35 mm is at least 25 bar. The pressure 
predicted, also measured f rom (3), by the back-attack model 
for a gas jet blowing back at sonic velocity is at most 10 bar, 
which is 2.5 times less than the minimum pressures for 
producing the pits. This implies that the conjecture that the 
pits may be caused by the blowing back air jet should be 

discarded and the mechanism of cavitation erosion must be 
invoked for the explanation of the pitting on disk surfaces. 

Cavitation erosion is mainly attributable to a mechanical 
attack characterized by high-intensity and relatively i n 
frequent blows or, more specifically, to the l iquid microjets 
which are generated at bubble collapse. The liquid impact 
can lead to plastic deformation, crystal dislocation, fatigue 
failure, i f repeated in the same location, and removal of 
material. These effects appear as damage pits on the solid 
surface. The pit geometry and the pitting rate depend princi
pally on hydrodynamic conditions and the properties of the 
liquid and the surface material. 

As described in the section on Erosion tests, there is a 
strong dependence of pit number on the values of D F P when 
N M a is held constant. I n other words, pit t ing is most evident 
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Fig. 8. Pictures of 
tested disks. 

NMa 
0.98 

on disks with D F P = 10 tons due to their low values of 
hardness. This is in agreement wi th the experimental results 
f rom cavitation research (20) which, together with the esti
mated pressure for the formation of damage pits, strongly 
indicates that cavitation blows are responsible for the pro
duction of pits on the disk surface. 

The observation that the pits are mostly elliptical suggests 
that their formation is principally due to the impingement 
of l iquid microjets which are oblique to the surface. The 

work of Dear & Field [18] has shown that cavities subject 
to shock waves wi l l collapse in the direction of the pressure 
gradient. This indicates that the pressure pulses that cause 
the gas-bubbles to collapse, and' hence cause the microjet 
pitting, are generated some distance away f rom the surface. 
The oblique impingment of the jet wi l l cause such uneven 
erosion that the part near the pulse source is damaged more 
than the part away f rom i t as found in the present erosion 
tests. Because the disks are nonmetallic and of low strength 

Scand. J. Metallurgy 19 



Qi-Xing Yang el al. 133 

Fig. 9. Picture oj tested disk of DFP = 20 t with NMa = 0.33. 

Fig. 10. Picture of tested disk of DFP = 20 t with NMa = 1.23. 

Fig. 11. Picture of tested disk of DFP = 20 t with NMa = 1.82. 

the impingement causes removal and weakening of the ma
terial on the surface element. The material removed is washed 
out by the flowing liquid with the damage pits left on the 
surface as the indication of cavitation erosion. 

LOSS(GRAM) LOSS(GRAM) 

Fig. 12. Disk weight loss vs. NMa. 
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Fig. 13. Pit number vs. NMa for selected disks. 

Hydrodynamics of cavitation during submerged gas injection 

For the formation and subsequent collapse of cavitation 
bubbles on the surface of refractory a varying pressure field 
must exist in the region around the tuyere. To estimate 
properties of such a pressure field at low injection rate we 
may consider the initial growth of an individual bubble f rom 
the nozzle in a large low-viscosity liquid field and apply the 
classical theory of bubble dynamics [20, 22], The theory 
shows that the equation for the bubble radius, R, is 

„ d 2 R 3 / d R 
R ^ + 2 U 

P ( R ) - P ( x ) _ A P . 

Qo Qo 
(4) 

where P(R) is the pressure in the liquid at r = R and P(oc) is 
that at r = oc. This equation shows that an additional press
ure, AP a , is required for the bubble to form. The pressure 
increase is noticed in the liquid outside the bubble. But as the 
bubble radius increases the pressure level decreases rapidly 
because of a sharp reduction in the bubble growth rate. 

After the initial stage, the bubble continues to grow at al
most a constant rate until the volume (see [22]) given by 

V b = 1.378 o j g s (5) 

is reached, whereby the bubble detaches from the nozzle. 
Liquid wi l l immediately rush in to replace the detached 
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Fig. 14. Distributions of pit diameier (D). 

bubble before the formation of the subsequent one. As there 
is a reduction in liquid pressure accompanying the inflow, 
cavitation bubbles may form in the tuyere region. Also, 
irregularities at the bubble surface may cause gas-filled bub
bles to form by entrainment. These bubbles wi l l collapse as 
the result of pressure pulses induced by the process of new 
bubble formation at the nozzle. 

A complete cavitation cycle has thus been shown likely to 
accompany the processes of bubble growth and detachment 
f rom a tuyere at low injection rate by considering bubble 
dynamics. As the injection rate is increasing a jet-like bubble 

Fig. 15. Back-attack frequency vs. NMa. 
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stem is frequently formed as the result of bubble linkage [ 2 ] . 
When the sonic velocity of the gas is reached the transition 
f rom bubbling to jetting flow regime starts. I n this region a 
varying pressure field results f rom severance of the bubble 
stem or breakdown of the jet followed by the formation of 
the new one. The initial growth of bubbles is more "explo-

dR d 2 R 
sive", with higher values of — and — - (2-5 m/s and 

dt d t 2 

300-1000 m/s 2 , estimated in [23]) leading to pressure pulses 
of larger magnitude. I t has also been observed by some 
workers [1 ,19] that the unstable cavity (referred to a gas jet 
or bubble stem) undergoes repeated expansion and contrac
tion or violent oscillation before its breakdown. The oscil
lation of the cavity wall may impose cyclic accelerations on 
the contacting liquid thus setting the l iquid in cycles of 
tension and compression. In this case cavitation bubbles 
may grow to appreciable size by the process of rectified 
diffusion [24] after some cycles of the oscillation. This can 
be thought of as another mechanism of cavitation inception 
in the liquid near the tuyere region. 

From the surface examination of tested disks (Figs. 7, 8. 
9, and 10) i t has been found that there is a smooth ring just 
outside the tuyere. The area of the ring changes according 
to N M a and its diameter can be shown to be approximately 
equal to the average base diameter of the cavity. The ex
amination also shows that most damage pits are concen
trated in the ring and the pitting area closely follows the 
change of the ring area as evidenced in Figure 8. This 
coincidence can be regarded as another experimental indi
cation that it is the instability of the gas cavity that causes 
cavitation erosion on the surface area just below it. 

As the bubble formation and cavity instability are mainly 
influenced by N M a in a fixed liquid-gas system for a tuyere, 
the cavitation intensity also depends on N M a . From test 
results of the present work when N M a is less than 0.3 
cavitation is hardly incepted, as shown by the pit free smooth 
ring on the surface in picture 1 of Figure 7. When N M a > 0.3, 
pitting starts as seen f rom picture 2 in Figures 7 and 9. 
According to eqns. 4 and 5 and refs. [ 1 ] , [ 2 ] , and [23] the 
volume and frequency of bubbles and the magnitude of 
pressure pulses increase with N M a . Thus, after cavitation 
inception starts, the higher the N M a , the more frequent 
and powerful are the cavitation blows as featured by the 
increasing number of pits on surfaces and the weight loss of 
tested disks. 

In the transition region, or at the neighbourhood of 
N M a = 1, apart f rom the cavity breakdown with higher 
frequency the pulsation of the jet also contributes to the 
induction of cavitation. So the cavitation attack is the most 
serious in this region, resulting in the peak erosion. The 
effect of a pulsating cavity can be shown by comparing the 
results of erosion tests and B A F measurements. The BAF 
decreases sharply after N M a > l (Fig. 15) but the decrease 
of cavitation erosion is slower than BAF, which can be 
seen f rom Figures 12, 13, and 15. This is probably because 
although the contribution of the jet breakdown to cavitation 
induction is sharply reduced, the part f rom jet oscillation is 
still the same. Only when the perfect jetting has been achieved 
can the cavitation erosion of refractory be eliminated. 

Relation between cavitation and shear erosion of refractory 

Some workers [19] studied the effects of the wall shear stress 
on refractory erosion and inferred that refractory grains 
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weakened by chemical attack may be torn off by the stress. 
The grains may also be loosened by the fatigue action of 
the stress fluctuations. Their measurements show that the 
average shear stress f at the location closest to the tuyere 
varies linearly with log M , where M is the rate of momentum 
input given by 

M = A 6 g V 2 (6) 

This implies that the shear erosion of refractory is a function 
of both tuyere cross-sectional area and gas momentum flux. 

In the present study, the refractory simulator with low 
strength and solubility enabled the qualitative study of the 
relation between cavitation and shear erosion. The shear 
erosion manifests itself by the coarser surface outside the 
smooth ring on the tested disks. When N M a < 0.5 the shear 
may be the dominant erosion mechanism and the surface 
structure is coarser than at higher N M a (see Figs. 9 and 11). 
The difference in roughness is probably due to different flow 
scales at high and low N M a . I t can also be seen f rom pictures 
1 and 2 in Figures 7 and 9 that the smooth area is more 
elevated than the surrounding coarser surface, which means 
that the smooth area is less eroded. The cavity above pre
vents the surface below f rom contacting the liquid and hence 
protects it f rom the shear erosion. In the jetting flow regime, 
the jet base diameter coincides with the tuyere diameter 
and the protection disappears, which is indicated by the 
disappearance of the smooth ring when N M a > 1.5. This 
protection may reduce the shear erosion of tuyere refractory 
to some extent in the low N M a region ( N M a < 0.5) but is of 
little help after cavitation erosion has started. In the cavi
tation dominated region pitting is concentrated to the 
smooth area and the smooth surface is more eroded. This 
may imply that compared with cavitation erosion the shear 
erosion is insignificant, especially in the N M a range 0.5-1.6. 
The shear stress can also tear the surface elements weakened 
by cavitation attack thus promoting cavitation erosion. 
Passing the peak erosion region ( N M a > 1.6), the shear may 
balance with cavitation as the former increases (predicted by 
eqn. 6) and the latter decreases as N M a is further increased. 

Measurement oj back-attack frequency (BAF) 

As the breakdown of the gas jet may trigger cavitation, 
measurement of BAF is a powerful means for studying 
cavitation erosion of tuyere refractory. The BAF is usually 
detectable upstream of the tuyere tip so measurements can 
be performed while gas is blown even into liquid metals with 
high temperature [ 1 , 4 ] . Depending on the flow regime, the 
back-attack frequency measures different phenomena. In the 
bubbling flow regime, the bubble frequency is recorded as 
BAF. The frequency of breakdown of the bubble stream and 
jet is measured in the transition region and a peak BAF 
occurs at the transition point f rom which B A F drops sharply. 
The frequency of jet breakdown is measured after passing 
the transition region where the gas flow is in the jetting 
regime. The extent of cavitation erosion of tuyere refractory 
can be estimated by assuming a direct relationship between 
the frequency of cavitation blows and BAF. This is supported 
by the results of the present study which show that cavitation 
erosion is gravest around the point where the peak B A F is 
detected. The results indicate the importance of locating the 

peak BAF to the working life of a tuyere. I f the injection 
rate of a tuyere with a certain design is so adjusted that it is 
well away f rom the region where the peak B A F is measured 
the cavitation erosion of tuyere refractory wil l be reduced 
to a large extent. The method of locating the peak BAF can 
be conveniently adopted in different gas-liquid systems so it 
is more practical and economical than the method of erosion 
tests with refractory simulator. 

I t should be kept in mind that B A F measurements provide 
no information on shear erosion and hardly account for 
the effect of jet oscillation on cavitation. Thus a proper 
combination of the analysis about shear stress and the effect 
of jet oscillation together with B A F data is necessary for an 
appropriate prediction of the total mechanical wear of tuyere 
refractory. 

Tuyere refractory erosion during gas injection into liquid 
metal of high temperature 

The present study in a gas-water system has shown that 
cavitation is mainly responsible for the mechanical wear of 
refractory simulator in the N M a range 0.5-1.6 and especially 
for the peak erosion in the transition region. When gas is 
blown into a liquid metal of high temperature cavitation 
blows are expected to be more intense because of higher 
density and sound velocity in the l iquid metal. This has been 
demonstrated by the obtained damage rates of a wide variety 
of materials including refractory alloys and plastics from 
ultrasonic-induced cavitation studies [20] . The damage rates 
of materials in mercury were 3-20 times greater than in 
water with the applied static pressure above vapour pressure 
and temperature held constant. 

One of the characteristics of the furnace refractory is its 
apparent porosity. I t indicates the fraction of the total vol
ume which is open pore space and can range from small 
values up to 40%. The micro-pores located on the solid 
surface in a metal bath serve as sites for nucleation of 
bubbles. The gas trapped in the pores near the tuyere wil l 
be affected by the varying pressure field. Owing to this, 
cavitation bubbles may grow f rom the pores by rectified 
diffusion [24]. The collapse of these bubbles is more harmful 
than the bubbles on the surface as the pores may also be 
weak spots of the surface. This has been shown by a long-
run erosion test in a water model using different refractory 
bricks at MEFOS. 

Ozawa & M o r i [ 2 ] found that to achieve a given time 
fraction of jetting, values of N M a required were much larger 
for the gas-mercury system than for the gas-water system. 
Also jetting occurred more frequently wi th increasing QJQL. 
From these results it is inferred that, apart f rom higher 
intensity, cavitation blows may be more frequent for gas 
injection into liquid metal. The high frequency and intensity 
blows may also occur in a wider N M a range. As the result 
of intensive pitting, which may be enhanced by other cor
rosion and erosion factors, the tuyere refractory will be 
considerably eroded by cavitation in the wider transition 
region, especially the part closest to the tuyere tip. Thus for 
reducing cavitation erosion or making i t tolerable, based on 
the results of the present study and other's, a general rule 
would be to first locate the N M a value at the transition 
point of flow regimes for the tuyere and then operate the 
tuyere well away f rom this N M a value. 
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Further work 

The further work may be along two lines. The first part is 
to invoke hydrodynamics for a detailed understanding of 
the dynamical nature of the phenomena such as the effects 
of f lu id properties on cavitation inception and the behaviour 
of bubbles (including gas and vapor bubbles as well as the 
bubbles f rom chemical reactions) under the conditions of 
gas injection. In this part of the work some optical and 
computational methods can be employed. The second part 
is along the line of metallurgical applications for reducing 
the detriments of cavitation. This includes improving tuyere 
designs and the mechanical properties of tuyere refractory. 
Modelling studies and tests involving gas injection into 
l iquid metal of room or high temperature are both necessary 
in this part of the work. 

Summary 
For clarifying the mechanical cause of tuyere refractory wear, a 
study with erosion tests of refractory simulator ( H 3 B 0 3 disks) 
and back-attack frequency measurements was conducted in the 
air-water system adopting a tuyere of 4 mm inner diameter. The 
following conclusions have been reached from the results of disk 
examinations and BAF measurements. 

1. Cavitation causes mechanical erosion of refractory 
simulator during gas injection which starts f rom low N M a 
unt i l the establishment of steady jetting. Cavitation erosion 
becomes dominant in the transition region between bubbling 
and jetting where the maximum BAF is also detected. 

2. Cavitation is induced by the process of bubble forma
tion and instability of gas cavity. When the radiated high 
pressure pulses pass, cavitation bubbles collapse and l iquid 
microjets of high velocity are generated. The microjets im
pinge obliquely on the surface, which causes weakening and 
removal of material resulting in elliptical pits. The pitt ing is 
more intensive in the transition region and is concentrated 
to the surface area approximately identical to the cavity 
base. Thus the area closest to tuyere tip is most seriously 
eroded by cavitation in the transition region. From this i t is 
suggested that, for the reduction of cavitation erosion, the 
tuyere should be operated well away f rom the N M a value 
at the point of transition from bubbling to jetting flow 
regime. 

3. The wall shear stress is a dominant erosion agent 
before cavitation starts and after cavitation vanishes. The 
contribution of shear stress to the peak erosion of the surface 
near tuyere tip is insignificant. When N M a is very low the 
cavity protects the surface below against shear stress, so the 
surface is less eroded. 

4. The BAF data can be adopted with some caution 
regarding the extent of cavitation erosion of refractory but 
the data yield no information on the shear erosion and the 
effect of of jet oscillation on cavitation. Since B A F can be 
detected upstream of the tuyere tip its measurement is more 
practical and economical for determining the N M a value at 
the transition point. 
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List of symbols 
A = Cross-sectional area of the tuyere (m2). 
CL;CS = Sonic velocity; L-liquid; s-solid (m/s). 
g = Acceleration due to gravity (m/s2). 
M = Rate of momentum input at the tuyere tip (N). 
NMa = Nominal Mach number defined as the ratio of 

nominal gas flow velocity to the sonic velocity. 
P = Pressure (N/m2). 
Q = Volumetric injection rate of the gas at T = 293 K. 

P= 1.013 bar (m3/s). 
r,r = Tip radius of liquid microjet; the radial coordinate. 
R = The instantaneous radius of the expanding bubble. 
V b = Bubble volume (m3). 

VE = Nominal gas flow velocity (=—) (m/s). 

V L = Speed of liquid microjet (m/s). 
Qg. Qu Qo- Qs = Density: g-gas: L-liquid; o-liquid at r = cc; s-soiid 

(kg/m3). 
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ABSTRACT 

To obtain more information on wear mechanisms of stirring plugs for oxygen 
converters, the present authors carried out wear tests of MgO-C bricks at 
1550 °C for about 6 hours. Tubular tuyeres were used to inject Ar gas into 
liquid metal contained in crucibles. The wear examinations show that 
mechanical stresses aided by thermal and chemical stresses are mainly 
responsible for the brick wear which result in two wear patterns on brick 
surfaces: the deep wear or back-attack wear and the shear wear. A new 
criterion, M*' , is defined by the ratio of the injected gas mass flowrate, m, to 
the critical flowrate, m*. The M*' better characterises the properties of gas-
liquid systems and relates the high wear of the bricks directly to condition 
changes for gas injection at/near tuyere outlet. The brick wear rates, Wr, were 
shown to increase with M*' up to a M*' value near to one and become 
constant or decreasing as the M*'-values are further increased. Based on 
results from the present study, tuyeres with i.d.<2 mm should be operated 
with M*'-values ranging from 0.15 to 0.45 in order to reduce the wear of plug 
refractory and to achieve optimum plug operations. 



1. INTRODUCTION 

The adoption of the bottom stirring technique for oxygen steel converters (or BOF) with 

Ar, N 2 or CO, gases has led to benefits such as improved homogenizations of steel analysis 

and temperature and reduced consumption of furnace refractories and processing materials. 

The key element for the technique is the stirring plug or gas injector, one of the common 

types of which is made, nowadays, by embedding metal pipes (tuyeres) of small diameter 

and/or other configurations in MgO-C refractories [1-3]. 

To achieve a higher durability or a longer working period of the injector, characters of the 

tuyeres and properties of surrounding refractory must be jointly taken into account. The 

plug refractory should not only endure thermal, mechanical and chemical stresses 

generally acted on converter lining but also special stresses induced by submerged gas 

injection, due to which the plug refractories are often worn by a rate faster than the wear 

rates for other parts of the lining. The special stresses are mainly related to the tuyere 

characters which consist of configuration and injection operation for a tuyere. For 

estimations of those special stresses many researchers have conducted investigations on 

the relevant phenomena using physical modelling as well as in systems of gas and liquid 

metals of high temperature. 

After the discovery of back-attack of submerged jets by Aoki et al. [4], cavitation has been 

proposed as one possible mode for erosion of tuyere refractory [5, 6]. Hoefele et al. [7] and 

Ozawa et al. [8, 9, 10, 11] studied characters and the transition of bubbling-jetting flow 

regimes. Ballal et al. [12], Haida et al. [13] and Blostein et al. [3] used an electrochemical 

technique to measure the shear stress on the bottom wall in water models. The back-attack 

frequencies measured by Carlsson et al. [14] in water model, steelmaking ladles and 

converters, were shown to depend on tuyere design and gas injection pressure. 

Boric acid disks were used as refractory simulators in water models by Gustafson et al. [5] 

and Qixing Yang et al. [6] to examine effects of bubbling-jetting transition, back-attack 

and cavitation on the erosion of tuyere refractory. The simulative wear tests performed by 

the later authors indicated a close connection between back-attack and cavitation. They 

also demonstrated that the refractory simulators suffered maximum wear when back-attack 

frequency reached maximum. This maximum wear and back-attack occurred for a tubular 

tuyere when the nominal velocity of injected gas was very close to the sound velocity and 

the transition from bubbling to jetting flow regime begins [8-11]. For non-tubular tuyeres 

the nominal gas velocities were higher for both the beginning of the flow regime transition 

and occurring of the maximum wear of the refractory simulators [5, 6, 11, 15]. 
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The responses of plug refractories to the mechanical stresses can not be determined only-

based on the behaviour of the refractory simulators tested in the water model. For 

estimating the responses and gaining more information on wear mechanisms, it is also 

necessary to test the refractories under conditions very close to the plug service conditions 

in steelmaking. Such laboratory wear test methods have been widely used by refractory 

researchers to examine refractory products being developed or improved, from which 

predictions of the field performances of the tested refractories can be achieved rather 

accurately [17-22]. A study of the wear of bottom stirring tuyeres and the tuyere refractory 

has been performed using an oxygen top blowing converter of 0.3 ton [23]. The 

investigation showed that a higher durability of both the tuyeres and the refractory (fired 

magnesite bricks) could be achieved with fine gas jets by means of 'honeycomb' tuyeres or 

refractories with directed porosity. 

In the present work, laboratory wear tests at high temperature have been performed to 

study wear mechanisms for the stirring plugs, with the emphasis on the wear stresses 

exerted upon the plugs by interactions between the liquid metal and stirring gas. It is 

hoped that by comparing the results from this study to those achieved by other researchers, 

deeper insight can be gained into the nature and magnitude of mechanical stresses. With 

analysing the damage extent and pattern of tested bricks and their dependence on the test 

parameters more information may be obtained on important mechanisms of the plug wear, 

which may improve the plug design and operation in steelmaking. 

2. EXPERIMENTAL 

2.1. Set-up and apparatus for the wear tests 

2.1.1. The induction furnace and crucibles 

In Fig. 1 is shown the set-up for wear tests. The crucible was placed in the furnace coil 

assembly which is connected to a power generator of maximum 60 kW and 3 kHz and can 

be raised or lowered for changing the position of the heating zone during a test. At the end 

of a test the assembly was lowered and the crucible was removed from the assembly for 

metal tapping. 

The crucibles with, approximately, inner diameter 136 mm, outer diameter 176 mm and 

height 320 mm were made of refractory castable, reinforced with steel fibres. To facilitate 

mounting and retrieving of the tuyere-refractory assemblage, there was a <b90 mm hole at 

the crucible bottom. During a test the crucible was covered by an upper and a lower l id to 

prevent heat and metal loss. The lower lid, with inner diameter 60 mm and height 100 mm 

consisted of a lower and an upper refractory section and a middle graphite section. The 
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heat from heating the graphite section by the induction power largely reduced the quantity 

of freezing metal on the upper wall of a crucible and the lower lid. The lower refractory 

section (about 15 mm thick) facing the liquid metal prevented carbon (graphite) from 

dissolving into the splashing metal droplets. 

12 

1. Furnace coil assembly 
2. Crucible 
3. Metal bath with a weight of 16 kg 
4. Tuyere 
5. Tuyere gas inlet 
6. & 7. Thermocouple 
8. Crucible pedestal 
9. Refractory brick on a castable plate 
10. Graphite section of lower lid 
11. Refractory section of lower lid 
12. Upper refractory lid 

13. Insulation material. 

Fig. 1 - Set-up for the wear tests. 

1.2. The refractory bricks and tuyeres for the tests 

General features and data on chemical and physical properties of the two kinds of 

refractory bricks used in tests are shown in Table 1, according to the data sheet from the 

refractory manufacturer. Bricks used in wear tests, bricks with Code C, are the refractory 

for DPP(directed porosity plug)-system. They are magnesia-graphite or MgO-C bricks 

with increased resistance to slag corrosion and thermal shock. 2% Al is added to the bricks 

to protect graphite from being oxidized. Magnesia grains for the bricks are high quality, 

fused and sintered synthetic magnesia. Bricks with Code T, the burnt magnesia bricks with 

pitch impregnation, were only adopted in some reference tests for an easy observation of 

brick decarbonization. 

Blunt point, injection needles of 100 mm length with luer lock hub have been adopted as 

tuyeres for tests. As the needle tube wall was thin and made of stainless steel, smelting of 

the tuyere tip by induction heating could be prevented. The luer lock hub of the needle 

facilitated the connection of tuyere and gas supply line. Dimensions of tuyeres used in the 

tests are shown in Table 2. The i.d. (inner diameter) for tuyere B (2 mm) is the same as 

that for the mini-tuyeres adopted in the DPP-system. 

3 



Table 1. General features, magnesia analysis and physical 

properties of tested bricks. 

Brick name DPPC DS001T 

Brick Code for tests C T 

Brick type MgO-C Burnt magnesia 

Bonding resin ceramic 

Metal adding 2% Al _-

Residual carbon % 14 3.3 (analysed) 

Main application BOF porous plug BOF, EAF 

Synthetic magnesia 

Type fused & 

sintered 

sintered 

Analysis %: MgO 97.5 98.5 

F e 2 0 3 0.3 0.2 

AI2O3 0.2 0.1 

CaO 1.5 1.1 

S i 0 2 
0.5 0.1 

Physical data : 

As delivered/After A. S. T. M . Coking (1000 °C, 5-6 hours) 

Bulk density (g/cm 3) 2.92/2.87 3.12 

Open porosity (%) <6/<12 <4 

C. C. S.* (N/mm 2) >30/>20 >70 

Specific heat (kJ/kg-K) 0.95 0.97 

T. C.**(W/m-K) 100 °C 

600 °C 

1200 °C 

10 

8 

5.2 

3.0 

* Cold crushing strength. ** Thermal conductivity. 

Table 2. Dimensions of tested tuyere 

Tuyere code A B 

Inner diameter (mm) 0.8 2.0 

Outer diameter (mm) 1.2 2.6 

2.1.3. The mounting of tuyere-refractory assemblage 

As it was difficult to drill a hole for tuyere installation through the centre of a brick, the 

bricks were sawed to the shape similar to a half-octagon and two half-octagon bricks were 

used to form a tuyere-refractory assemblage by cementing their longer side surfaces 

together with the top part of a tuyere (about 30 mm long) in vertical, central tuyere 

channels on the surfaces. The tuyere tip was flush with the brick top surfaces. The bricks 
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had a height nearly 30 mm and a length of the longer side nearly 100 mm. This octagon 

shaped assemblage was then cemented on a round, castable plate with a small central hole 

to let the lower tuyere part passing through. They together were installed at the bottom of a 

crucible by ramming mixes (50% tar-magnesia and 50% magnesia-spinel backing mixes) 

into the space between the crucible wall and the assemblage. The hole at the crucible 

bottom was sealed by insulation material with the lower part of the tuyere left outside the 

crucible for gas inlet connection. 

2.1.4. Apparatus for temperature measurements and gas injection 

Both infrared thermometer and immersion thermocouples were used for metal temperature 

measurements. Thermocouples were also used to measure temperatures on the outside wall 

of the crucible and on the lower surface of the tested brick (cf. Fig. 1). By a combination of 

the continuous monitoring of temperatures at the two spots and the direct measuring of the 

metal bath temperature, it was possible to control the temperature of liquid metal around 

the designed level with a deviation of about ±30 °C. The injected Ar gas was supplied 

from gas cylinders. Pressure gauges and rotameters were used to measure and regulate the 

gas pressure and flowrate during tests. 

2.2. Parameters of the wear tests and their levels 

Table 3. Parameters and levels for the wear tests. 

Test parameters Parameter levels 

No Name 1 2 3 4 5 

1 Tuyere i . d. (mm) 0.8 2.0 

2 Ar flowrate at ATP (Nl/min) 5 10 13 15 20 

3 

Liquid Metal 

Temperature (°C) 

Initial [C] 

1550* 

0.8* 

1400 

4.25 

1700 

0.05 

4 Brick sort C 

5 Gas sort Ar 

6 Test time (hour) 6 

* The level selected for the wear tests. 

Parameters and their levels for the wear tests are shown in Table 3. To achieve the test 

objective, a smooth submerged gas injection should be ensured with minimum risks of 

mushroom formation and penetration of liquid metal into tuyeres. Levels for parameter 1 

and 2 were chosen considering both results from physical modelling and the common 

practice for manufacturing of the stirring plugs. The temperature and carbon content of 

liquid metal were coupled together for parameter 3, the levels of which were selected 

based on the temperature-carbon relation of metal bath during the converter heats, with the 
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initial carbon content set to somewhat higher values than the normal values at the 

temperature, for compensating carbon loss during the long-time tests. 

Level 1, 2 and 3 of parameter 3 have been used in some pre-tests to determine a suitable 

level for subsequent tests. When level 2 (1400 °C and 4.25 [C]) was used for the liquid 

metal the brick wear was minute. With the metal at 1700 °C and containing 0.05 [C] and 

low gas flowrates, the thermal stress and stresses induced by chemical reactions such as 

the carbon reacting with MgO have become dominant brick wear agents. However, for 

level 1 the brick wear was found to depend strongly on the tuyere characters. Thus level 1 

was chosen as the suitable level for the metal property in order to limit the influences on 

the brick wear of thermal and chemical stresses. With this choice, the special wear effects 

due, mainly, to the back-attack, liquid shear and other fluid flow phenomena could be 

displayed more clearly and, hence, better investigated. 

2.3. Procedures for wear tests 

Table 4 shows procedures for the wear tests. The crucible was charged two or three times 

during the smelting phase with steel butts and/or pig iron pieces to a total weight of 16 kg. 

The depth of metal bath was then around 15 cm. An Ar gas injection of 12-15 Nl/min was 

applied as soon as the induction power was turned on to protect both the brick carbon and 

the tuyere. After the first charge was smelted, a lower Ar flowrate was applied until the 

smelting of the whole charge. 

Table 4. Procedures for 1550 °C wear tests. 

Test phase 1. Smelting 2. Testing 3. Tapping 
4. After 
tapping 

Time (hour) 1.5-2.0 6.0 0.1 1.2-2.0 

Procedures 
1. Ar blowing 

2. Metal 
charging 

1. Sampling of metal 

2. Measuring/adjusting 
of bath temperature 

1. Disconnecting 

gas supply line 
2. Adding dolomite 

Ar blowing by 
lance on brick 
surface 

2 0 -

Flowrate 

(Nymin) 

2 0 -

Flowrate 

(Nymin) 

Ar gas with 

designed flowrate 

2 0 -

Flowrate 

(Nymin) 12-15 Nymin 

Ar gas with 

designed flowrate 
15-20 Nymin 

1550_ 

Metal 
Temperature 

( ° C ) 

The testing phase began as soon as the bath temperature had been raised to 1550 °C and 

lasted normally for 6 hours. The Ar flowrate was maintained at the designed value during 
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the testing phase, with the gas supply parameters being continuously monitored for an 

early detection of pressure raise or flowrate drop due to metal penetration and/or 

mushroom formation. 

Just before the metal tapping about 100 g dolomite was added onto the bath surface to 

thicken the slag as to prevent the slag flowing back and covering the brick surface during 

tapping. Before tapping the tuyere was disconnected from the gas supply line. After 

tapping a ceramic lance was inserted into the crucible to blow Ar gas on the working 

surfaces of the bricks. With a time of maximum 2 hours and a flowrate of maximum 20 

Nl/min for the Ar blowing, the brick surface temperature was lowered to less than 300 °C, 

which preserved chemical and mineral status of the brick section near the working surface. 

Several tests with the same tuyere i.d., Ar flowrate and procedures were performed to 

check the reproducibility of the test results. 

2.4. Experimental set-up for reference tests 

Reference tests (or control tests) were performed to examine the extent of brick 

decarbonization before metal smelting and the influence on brick wear of the induction 

stirring of liquid metal. The brick decarbonization and structure change due to the contact 

with liquid metal could also be controlled by the reference tests.. The bricks for reference 

tests were cemented on a castable plate and installed at the crucible bottom. A top ceramic 

lance (pure AI2O3 tube with inner diameter 5 mm) was used to blow Ar gas into the 

crucible for the protection of brick carbon before metal smelting. Al l other experimental 

details were similar to those for the wear tests. 

2.5. Procedures for the reference tests 

In the testing phase of the reference tests there was no gas injection operation. In the 

smelting phase the top lance was used to blow Ar gas into the crucibles with a flowrate 

similar to that for the wear tests until the melting of first charge. Besides these differences, 

the procedures for the reference tests were similar to those for the wear tests. 

2.6. The tested brick retrieval and preparation for wear examinations 

The brick retrievals were done with great care as to not damage their surfaces. For some 

bricks pictures were taken of their working surfaces before taking them out of crucibles. 

Most of the bricks retrieved from crucibles were also photographed. No special efforts 

were made to retrieve and examine the tuyeres. 
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3. RESULTS 

3.1. Bricks after the wear tests 

3.1.1. Macroscopic examinations of brick wear and parameters for wear measurements 

Examinations of tested bricks, some of which are shown in pictures 2-4, reveal that the 

wear is characterised by a wear zone with larger brick agglomerates (coarse magnesia 

particles) partially exposed out due to losses of brick matrices (cf. Picture 2 and 4) and, 

sometimes, a wear depth increasing towards the tuyere (cf. Picture 3). It is also seen from 

those pictures that there are elliptic wear zones on the bricks in which refractory bodies are 

worn away together with the tip parts of tuyeres. The centres of those ellipses are the 

tuyere tips and their major axes coincide with the brick longer sides. This may result from 

the assembling of the tuyere and bricks, for which two sawed longer side surfaces of the 

bricks must be bonded together with refractory cement. The brick structure along the 

longer sides may be weakened by sawing and cementing and more readily acted on by 

wear stresses. Considering those assembling effects the brick wear was examined and 

measured along the semi-minor axis of the ellipse, which was adopted as the radius for the 

measured circular wear zone. In Fig. 2 a top view of the observed elliptic and measured 

circular wear zones is depicted. 

Fig. 2 - Top view of tested bricks, observed and measured wear zones. 

In the measured circular wear zones two general wear patterns could be distinguished, the 

deep wear and shear wear patterns. The deep wear pattern was found near and around the 

tuyere, resulting in a wear space resembling a right circular cone with the tuyere tip in the 

centre (cf. Fig. 3). The radius of the cone top surface was measured and regarded as the 

radius of deep wear area or RDA and the height of the cone as the wear depth. The wear 

1. Tuyere hole 

2. Observed elliptic wear zone 

3. Line formed by cementing two 

brick surface together 

4. Tested brick 

5. Measured circular wear zone 
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rate (mm/hour) is the quotient of wear depth divided by test time. The shear wear was 

designated for the pattern with a larger wear area and smaller wear depth. For this wear 

pattern the radius of the shear area or RSA was defined and measured. For some tests, 

values of RDA and RSA were not the same for the two bricks forming the refractory-

assemblage and the average values of them were taken. Very often the two wear patterns 

appeared on the same tuyere-refractory assemblage with the shear wear zone encircling the 

deep wear area as shown in Picture 2 and Fig. 3. 

The wear depth 

The radius of deep wear area, RDA 

The radius of shear area, RSA 

The worn away part of the brick 

The brick before test 

Tuyere hole 

Fig. 3 - Cross-section of a tested brick and parameters for the wear measurements. 

3.1.2. The measured results of brick wear 

Table 5. Parameters for the 1550 °C tests and measured wear results for the C bricks. 

Test Tuyere and Liquid Brick Wear measurements of tested 

Ar gas metal for test bricks 

No Time i.d. flow- [C] [S] Height Wear RDA RSA Wear 

rate ave. ave. depth Rate 

hour mm Nl/min mm mm mm mm mm/h 

t l7 6 0.8 5 0.55 0.03 24.8 1.97 8 17 0.328 

t l8 6 0.8 10 0.665 0.028 28.68 3.78 9 25 0.630 

t l9 6 0.8 13 0.711 0.03 26.33 6.675 13 22 1.113 

t30 6 0.8 13 0.58 0.028 29.07 3.365 N.M 21.5 0.561 

t20 6 0.8 15 0.693 0.025 26.65 5.605 7.5 21.8 0.934 

t23 6 0.8 15 0.535 0.029 28.85 2.99 8.75 25.8 0.498 

t25 5 0.8 15 0.646 0.032 31.55 3.78 9 26.5 0.756 

t21 6.67 0.8 20 1.047 0.032 28.77 7.06 11 23 1.058 

t22 6 0.8 20 0.637 0.026 28.58 3.11 N.M 29.5 0.518 

tlO 6 2 10 0.6 0.031 28.28 1.57 7 21.5 0.262 

t26 6 2 15 0.522 0.029 28.65 3.245 7 27.5 0.541 

t27 6 2 15 0.64 0.026 31.75 1.72 6.5 28 0.287 

t29 6 2 20 0.631 0.026 29.37 2.855 N.M 31 0.476 
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The wear test parameters and the results from wear measurements of C bricks are listed in 

Table 5. For some tests it is rather difficult to measure their RDA values and the N . M 

meaning 'not measurable' is used in the places for the RDA. [C] and [S] of metal samples 

taken at the beginning and end of the tests were averaged to obtain the metal carbon and 

sulphur contents shown in tables 5 and 6 ([C] ave. and [S] ave.). As there was metal 

decarbonization by oxygen from air and injected gas (Ar contained 5 ppm O, and 5 ppm 

H 2 0.) during the long test period, the end [C] was lower than the initial [C] by 20-60%. 

The values of [C] ave. in Table 5 are therefor generally lower than the initial values shown 

in Table 3. The [C] ave. is higher for t21 due to a breakdown of the refractory lower lid 

(Fig. 1) during the test which exposed the graphite section to splashing metal droplets. 

Only in t25 could a drop of gas flowrate during the testing phase be observed and the test 

time had to be shortened by one hour. For all other tests listed in Table 5, there was no 

variation of the injection pressure and gas flowrate by which it can be judged that neither 

liquid steel penetration nor mushroom formation has occurred [28]. The scattering of the 

results can be noticed in Table 5 from tests with the same tuyere i.d., Ar flowrate and 

procedures. On account of the numerous factors involved, difficulties of performing the 

tests and controlling certain test parameters, it may be considered that the scattering is 

within a reasonable tolerance and the reproducibility of test results is acceptable. Average 

values of the wear parameters are used in the following sections for results from tests with 

identical tuyere i.d., Ar flowrate and procedures. 

A Tuyere i.d. 0.8 mm I Tuyere i.d. 2.0 mm 

< 

5 10 15 

Ar flowrate (Nl/min) 

Fig. 4 - Average RSA versus Ar gas flowrate of C bricks tested with tuyeres A (0.8 mm 

i.d.) and B (2.0 mm i.d.) at 1550 °C. 
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In Fig. 4 are plotted average values of RSA (the radius of shear area) for the tested bricks. 

From this figure it is seen that the RSA values increase with gas flowrate for tuyere B. For 

tuyere A (0.8 mm i . d.) the RSA decreases while the gas flowrate reaches to 13 Nl/min 

and, then increases moderately with gas flowrate. 
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Fig. 5 - Average wear rates versus Ar gas flowrate of C bricks tested with tuyeres A 

(0.8 mm i.d.) and B (2.0 mm i.d.) at 1550 °C. 

Fig. 5 shows the W r (average brick wear rates in mm/hour) for tuyeres A and B versus Ar 

flowrate. For tuyeres B (2 mm i.d.) the W r increases nearly linearly with the gas flowrate 

as shown by the dashed line and is almost half of the W r value for tuyeres A (0.8 mm i.d.) 

when the gas flowrate is the same. For tuyeres A the wear rate is not only rather high but 

also increases linearly when the Ar flowrate is raised from 5 to 13 Nl/min. At flowrates 

higher than 13 Nl/min, the W r seems to be constant or even somewhat decreasing for 

tuyeres A. 

For tuyeres B (2 mm i.d.) values of RDA (the radius of deep wear area) are insensitive to 

the change of gas flowrate as shown in Fig. 6, contrary to RSA for the tuyeres which has 

been shown depending on gas flowrate in Fig. 4. The trend of RDA for tuyeres A shown in 

Fig. 6 is similar to that of W r shown in Fig. 5. Values of both RDA and W r increase up to a 

gas flowrate of 13 Nl/min and become constant or decrease at higher gas flowrates. 

As the thermal and chemical stresses from the liquid metal at 1550 °C may still be low and 

the brick wear parameters are found being mainly influenced by gas flowrate and tuyere 
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i.d., mechanical stresses, which in turn mainly depend on tuyere characters, are deduced as 

the dominant wear agents. 

A Tuyere i.d. 0.8 mm • Tuyere i.d. 2.0 mm 

< 

0Ä 

10 15 

Ar flowrate (Nl/min) 

Fig. 6 - Average RDA versus Ar gas flowrate of C bricks tested with tuyeres A (0.8 mm 

i.d.) and B (2.0 mm i.d.) at 1550 °C. 

3.2. The bricks after the reference test 

Parameters for reference test R9 and measured results of brick wear are shown in Table 6. 

The tested bricks C and T are shown in Picture 1. As seen in the Picture, there are very 

little damages on brick working surfaces after the reference test which indicates a minute 

erosion effect of the metal flow induced by the induction power. The thickness of the top 

decarbonization layer is hardly measurable for brick C, which is also indicated by a 'N.M'. 

The decarbonization layer is 2 mm for brick T. This means that some carbon is lost from 

the top layer during the test while the bricks are contacting with a liquid metal of 

temperature and analyses as in test R9. 

Table 6. Parameters for the reference test and measured wear results. 

Test Liq uid metal Decarbonization layer (mm) 

No Time T 

[C]ave 

[S]ave Brick type 

hour °C C T 

R9 8 1550 0.375 0.027 N.M 2.0 
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4. DISCUSSION 

4.1. The criterion for the high brick wear and test data presentation 

In section 3.1.2 the volumetric flowrate of Ar gas at ATP (atmosphere pressure and 293 K) 

was used as the independent variable for presenting the wear results measured for tuyeres 

of different inner diameter. It has been noted that some wear parameters can not be directly 

related to the gas flowrate. For better interpretations of the results achieved from the 

present study, other criteria should also be used which may better characterise influences 

on the brick wear of both tuyere operations and properties of gas and liquid. The criteria 

may form a suitable base for comparing the results of different studies and serve as guide 

lines for extended-period operations of tuyeres/plugs in steelmaking. 

According to theories of compressible fluid flow, the local Mach number, M , of the gas 

leaving a tuyere of straight bore or constant-area type can only be less than or equal to one 

[25]. It is also difficult to calculate M for gas injection into liquid metal at high 

temperature due to difficulties in estimating the local gas temperature. Thus the nominal 

gas velocity and nominal Mach number have been adopted by many researchers for 

correlating and interpreting their results [5, 6, 8, 9, 10, 11]. A nominal gas velocity, u g , and 

nominal Mach number, M' , were in [8] defined by equations: 

< - V8 - V 8 ° ( P g t ) - V

S 0 ( Pat ) m 

U0 i f . 

(kRT0)2 

In [6] and [15] a nominal gas velocity ugo and a nominal Mach number, NMa were 

obtained according to: 

Vft0 
u g 0 = - ^ (3) 

NMa = - £ L = tz—r (4) 

(kRT0)2 

The Ug is the nominal gas velocity of the tuyere at the hydrostatic pressure and the ugo is 

the gas velocity at atmospheric pressure and both the gas velocities and the sound velocity 

(c 0) used in defining M ' and NMa are normalized to room temperature. 
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As the ratio of the static pressure of the gas at tuyere outlet, P, to the hydrostatic pressure 

Ph is one when M< 1, there is a unique, critical mass flowrate, m*, for any tuyere when M 

is just equal to one [25, 26, 27]. The m* depends only on the cross-sectional area of the 

tuyere, the hydrostatic pressure at tuyere outlet as well as the gas properties and stagnation 

temperature. The m* can be calculated by [25, 26]: 

w » = ( j f c ± P j j * ) a L ( M + I ) ) i ( M = 1 ) ( 5 ) 

(T0) 2 

As m is increased beyond m*, M = l still holds but the pressure ratio is greater than one and 

can be estimated by: 

m 
m * 

PAQ 

m*(T0) 

k(k + l) \ __p_ 
L 2R p, 
2 h 

(m> m ) (6) 

Eq. (6) implies that the critical mass flowrate of a tuyere, m*, may be used to divide m, the 

injected gas mass flowrate for the same tuyere, to obtain another nominal Mach number, 

M * ' , just like the way by which the sound velocity of the gas at room temperature was 

used as the critical parameter for defining M ' and NMa. Eq. (7) can be used to calculate 

this newly defined M * ' and Eq. (8) relates the three nominal Mach numbers: 

M m 

m 

VgOPgO _ VgOPgo(To) 2R 
(Pat+PLgh)Ao k(k + \) 

1 
) 2 (7) 

M • M'( 
k + \ 

)2 =NMa( Pat+PLgh,yk + \ 

I 
r ) 2 (8) 

Table 7. Approximate physical properties of the gas 

used in the calculation of m*. 

Gas 

Density 

at ATP 

Specific 

heat ratio 

k 

Gas 

constant 

R 

,k(k + l)A 
K 2R ' 

kg/m 3 J/kg- K 

Ar 1.662 1.67 208.13 0.1035 

Air 1.21 1.4 286.9 0.0765 

(Properties for Ar and air are from [26] and [29], respectively.) 
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The M * ' defined by Eq. (7) takes account of both effects of temperature and pressure at the 

tuyere outlet on properties of the injected gas. For room temperature modelling, To is 

constant and M * ' can be easily obtained after m*' has been calculated by Eq. (5). For gas 

injection into liquid metals at high temperature, To is not a constant and is rather difficult 

to measure or estimate and, hence, may be approximated to room temperature for an easier 

calculation of M * ' , as in [26][28]. Using Eqs. (7) and (8) and room temperature as T 0 , the 

three nominal Mach numbers were calculated for wear tests of both the bricks with tuyeres 

A and H 3 B 0 3 disks in water model [6], for comparing which nominal Mach number is 

more suitable for the wear data presentation. The physical properties of Ar and air used in 

the calculations are listed in Table 7 and the following values are used for some other 

physical constants and parameters for the present tests: pz.=7000 kg/m 3, h=0.15 m and for 

the water model tests: pi = 1000 kg/m 3, h=0.43 m. 
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Nl/min 5 10 13 15 20 

M * ' 0,41 0,82 1,06 1,23 1,64 

M' 0,47 0,94 1,23 1,42 1,89 

NMa 0,52 1,04 - 1,35 1,56 2,08 

Fig. 7 - Average wear rates versus Ar gas flowrate (Nl/min), M* ' , M ' and NMa of C 

bricks tested with tuyeres A (0.8 mm i.d.) at 1550 °C. 

Both high brick wear rate and the maximum disk weight loss are seen in Figs. 7 and 8, 

respectively, at M * ' values of 1.06 and 1.08. As both the transition to sonic gas flow at 

tuyere outlet and the bubbling-jetting transition [8-11] occur at or around M* '= l and the 

high wear for both the bricks and the disks are observed very near to M * ' = l , the observed 

high wear can be directly related to the flow condition changes at the tuyere outlet. This 

relation is more clearly illustrated by using M * ' to present the wear data. Differing from 

M * ' , both M ' and NMa are greater than one while M is just one. When the M * ' is greater 
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than one, the values of M * ' is equal to the P/Ph (Eq. (6)), which can be used to estimate the 

gas pressure at the tuyere outlet. Also the M * ' better characterises the properties of gas-

liquid systems, compared with M ' and NMa. Thus M * ' can be regarded as the suitable 

criterion for wear data presentations and comparisons and may be used to guide the gas 

injection operations for tuyeres/plugs. 

Nl/s 0,64 1,42 2,39 3,31 4,22 5,31 6,78 7,86 

M*' 0,13 0,29 0,49 0,68 0,86 1,08 1,38 1,61 
M' 0,14 0,32 0,53 0,74 0,94 1,18 1,51 1,75 

NMa 0,15 0,33 0,56 0,77 0,98 1,23 1,57 1,82 

Fig. 8 - Weight loss of the H 3 B 0 3 disks formed at 10 tons pressure versus air flowrate 

(Nl/s), M * ' , M ' and NMa. The disks were used as refractory simulators in the 

water model tests [6]. 

4.2. On the back attack, bubbling-jetting and the wear of plugs/disks 

Both the wear of refractory simulators ( H 3 B 0 3 disks) and the back attack [6, 15] as well as 

the disk wear and the bubbling-jetting [5] have been studied in the water-gas systems with 

the nominal Mach number, NMa in [6, 15] and M' in [5], adopted as the independent 

variable for data presentation. By comparing the results from the two studies and 

combining them with those reported in [8, 9, 10, 11], it is deduced that there is a close 

relation between the bubbling-jetting transition and the highest back attack frequency. The 

rich information from the bubbling-jetting studies may thus be used fruitfully for 

interpretations and extrapolations of test results of wear and back attack. 

The back attack wear of disks depends on a combination of the back attack frequency 

(BAF) and strength (BAS) with the former related to M * ' and the later to both M * ' and m 

[6, 15]. The BAF is related to the bubble frequency in the bubbling flow regime (M*'<1), 
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to the frequency of breakdown of the bubble stem and unstable jet in the transition region 

from bubbling to jetting and to the frequency of jet breakdown in the jetting flow regime 

( M * ' » l ) . Near the flow transition point or around M * ' = l , the BAF is at its maximum 

value and so is the wear of the H 3 B 0 3 disks as found in [6] (cf. Fig. 8) and [5], In the 

following paragraphs the wear results of the C bricks are presented with M * ' as the 

independent variable to farther elaborate interrelations between the brick wear parameters 

and the back-attack or bubbling-jetting phenomenon, also for examining the feasibility of 

M * ' and usefulness of results from the water model. 
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Fig. 9 - Average wear rates versus M * ' of C bricks tested with tuyeres of 0.8. and 2.0 

mm i.d.. 

In Fig. 9 is seen that W r increases nearly linearly with M * ' for tuyeres A (0.8 mm i.d.) in 

the low M * ' or bubbling region until the M * ' values are around one, leading to a maximum 

BAF [6]. With continuous raising M * ' to values higher than one, corresponding to an 

increase in the time fraction of jetting [8] and a decrease in BAF [6], the W r ceases to 

increase. Based on the similarity in wear trends found from the tests in the two systems (cf. 

Figs 7-9) it may be inferred that the high brick wear around M* '= l is mainly caused by the 

high BAF near the point for bubbling-jetting transition. The similarity also shows that 

water model results are very useful for wear result interpretations of high temperature tests 

and can be referred for wear trend predictions of plug refractory in steelmaking. 
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Passing the transition point or at M*'>1, the BAF [6] and the bubble frequency [5] drop 

sharply in air-water system, but the disk weight loss (see Fig. 8) dropped rather moderately 

[5, 6]. This can be explained by the increase in shear stress with gas flowrate (M*') which 

contributes to the wear near the tuyere, though the BAF has been reduced. The BAF 

measured for the Ar gas injection into liquid steel in a ladle is higher than the BAF for the 

air injection into water [14]. The decrease of BAF at M*'>1 in the Ar-steel system may not 

be as large as that in the gas-water system due to the larger density of the steel, because the 

bubbling (BAF) occurs more frequently with decreases of the density ratio of gas to liquid 

in the flow transition region [11]. Also shear stress exerted on the brick surface by liquid 

steel is higher than that by water, as the viscosity of the former is nearly seven times larger 

than that of the later [3, 7, 12]. Due to both the higher density and viscosity for the liquid 

steel, which result in a smaller decrease of BAF and higher shear stress, the wear rate, W r , 

at M*'>1 becomes almost constant. 

A Tuyere i.d. 0.8 mm • Tuyere i.d. 2.0 mm 
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Fig. 10 - Average RDA versus M* ' of C bricks tested with tuyeres of i.d. 0.8 and 2.0 

mm. 

The W r -value increases linearly with M * ' for tuyeres B, which is similar to tuyeres A as 

indicated by the two dashed lines with different slopes in Fig. 9. It may thus be deduced 

that for any tuyere, W r increases linearly with M * ' until M * ' = l after which the W r does not 

increase or even decreases with farther raising the M* ' . The value of W r at M* '= l for a 

given tuyere may therefore be regarded as the upper brick wear limit and used to estimate 

the operation period of stirring plugs. For tuyeres B (2 mm i.d.) the M * ' values are very 

low and within the bubbling flow regime with low BAF. Hence the shear force from liquid 
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metal dominates the wear. It may thus be deduced, from the lower W r for tuyeres B than 

that for tuyeres A, that among the mechanical wearing agents the shear force is less 

dangerous than the back attack. 

Fig. 10 shows that for tuyeres A (0.8 mm i.d.), the change of RDA with M* ' is similar to 

the change of the W r-value shown in Fig. 9. Both W r and RDA are high near M * ' = l , as the 

frequent collapses of the unstable jets or the back-attack at the transition point damage the 

refractory around the tuyere and enlarge the deep wear area. This reveals that the back 

attack mainly results in a deep wear around a tuyere, with both a high W r and RDA. For 

tuyeres B no relation can be seen in Fig. 10 between values of RDA and M* 1 , as the shear 

wear is the main wear pattern. 
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Fig. 11 - Average RSA versus M * ' of C bricks tested with tuyeres of i.d. 0.8 and 2.0 

mm. 

The values of RSA for C bricks tested with both tuyeres A (0.8 mm i.d.) and B (2 mm i.d.) 

are lower when M * ' is lower, as shown in Fig. 11, and increase with M * ' . For tuyere A the 

trend of RSA increase changes near M * ' = l , that the RSA value first decreases somewhat 

then increases moderately and becomes stable as the M * ' value is further increased. This 

RSA change trend may be related to the change of the base diameters of bubbles just 

leaving the tuyere. In the bubbling flow regime the base diameters increase with M* ' 

which may lead to an increase in RSA. With the starting of bubbling-jetting transition, 

diameters of unstable jets at the tuyere outlet are nearly equal to tuyere diameter and the 
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base diameters of bubbles decrease somewhat [6, 8, 11], which may result in the RSA 

change shown in Fig. 11. 

It has been shown in wear tests using a 0.3 ton converter [23], that lower wear rates for 

both the tuyeres and the tuyere bricks could be obtained with smaller diameter tuyeres and 

a lower gas pressure or flowrate. In the present study the Wr-values for MgO-C bricks are 

also lower at lower M * ' . This reveals that the brick wear wil l be generally lower i f both the 

velocity (M*') and the flowrate (m) for the tuyere gas injection are lower. The results from 

the wear tests and BAF measurements in different systems indicate that smaller i.d. tuyeres 

should be used for the plugs and a tuyere/plug should be operated well away from the 

region of 0.5<M*'<1.5, as both the plug wear and risk for liquid metal penetration into the 

tuyere are high in this region, especially near the point of M*'=l . An optimum zone for 

operating tuyeres with i.d.<2.0 mm may be 0.15<M*'<0.45. 

4.3. The interrelations of the thermal, chemical and mechanical wear stresses 

The wear found for the C bricks tested with the liquid metal at 1550 °C was much higher 

than the wear at 1400 °C, which may be mainly due to a reduction of the brick strength at 

hot face with an increased temperature, rather than an increase of mechanical stresses. The 

viscosity of the liquid metal at 1550 °C is even little lower than that at 1400 °C [24]. In the 

reference test R9, a 2 mm decarbonization layer was measured for brick T. For brick C 

some carbon loss and structure change may also be induced at the working surface where 

the matrix is weakened and the hot strength is reduced. A decrease of hot strength of MgO-

C bricks with rising temperature has also been reported [22]. The rearranged results, given 

in Table 8, show a reduction of hot modulus of rupture (H.M.) of 36.5% and 5.2%, 

respectively, for the bricks with and without Al metal addition. The hot strength may be 

reduced even more at the top surface of the C bricks, due to both the higher brick carbon 

content (14%) and metal temperature. 

Table 8. H.M. (Hot Modulus of Rupture) of MgO-C bricks at 1400 °C 

and 1500 °C in reducing atmosphere [22], 

Brick fixed Al H. M . H. M . Loss of 

carbon addition at 1400 °C at 1500 °C H. M. 

(%) (%) (N/mm2) (N/mm 2) (%) 

A 10 0 5.8 5.5 -5.2 

B 10 2 9.6 6.1 -36.5 

At 1550 °C the thermal and chemical stresses may still be rather low and have moderate 

corrosive effects inside a thin layer on the brick top. However, with their help mechanical 

stresses become more severe, compared to those at lower temperatures. The estimated wear 

process is that the mechanical wear agents aided by chemical stresses firstly erode the 
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weak parts in the brick structure or brick matrix and then tear off brick agglomerates of 

smaller sizes from the damaged matrix. The exposed, larger agglomerates are carried away 

by the liquid metal and a new wear cycle then begins. Both back attack and shear from 

liquid metal take part in the matrix erosion, with the back attack dominating in the region 

of 0.5<M*'<1.5. 

The bricks tested with the liquid metal at 1400 °C and with [ C ] ~ 4 have rather low wear, 

which indicates a higher brick strength attributable to the lower thermal and chemical 

stresses from the liquid metal. Based on this fact and the estimation that the wear begins 

with matrix erosion, the magnitudes of mechanical stresses from the gas injection may be 

estimated as less than the strength of C brick matrix at the top surfaces and at 1400 °C. 

5. CONCLUSION 

The wear modelling of converter stirring plugs in the Ar, liquid metal and C (MgO-C) 

brick system has led to the following conclusions: 

1. As the liquid metal at 1400 °C and with [ C ] ~ 4 has rather low thermal and chemical 

wearing power, the brick strength is high enough to resist mechanical stresses induced by-

tuyere gas injection and the wear of bricks after pre-tests at 1400 °C is very low. For pre

tests at 1700 °C with low Ar flowrate, MgO reduction by brick carbon at the temperature 

has become the dominant wear agent for C bricks. 

2. At 1550 °C and with medium metal carbon content, the wear of C bricks is severe. Tuyere 

characters largely influence the magnitude and patterns of brick wear. This indicates that 

the wear is dominated by mechanical stresses, which are aided by higher thermal and 

chemical stresses acting to weaken brick matrices at the working surface. The brick wear 

is carried out mainly through matrix erosion. 

3. There is a critical gas flowrate, m*, for the submerged gas injection, at which a sonic gas 

flow has just established at the tuyere outlet. A new nominal Mach number, M * ' is 

defined by the ratio of m (injected gas flowrate) to m*. With adopting M * ' to correlate 

test data, similar trends have been found of wear rates, W r , in air-water-H3B03 disk and 

Ar-steel-C brick systems. This indicates that M * ' is a suitable criterion for correlating 

data from studies on back attack and refractory wear as well as guiding operations of 

stirring plugs in steelmaking. 

4. With mechanical stresses as dominating wear agents, the W r (wear rate) of the plug 

refractory increases with M * ' until the M * ' value is near to one, where not only the gas 

flow at tuyere outlet has just transformed to sonic but also the bubbling-jetting transition 

near the outlet has begun. The high brick wear around M* '= l may be mainly caused by 

back attack. Passing the critical point at M * ' = l , the values of W r are not increased with a 

farther increase of M * ' . Thus W r at M* '= l may be used as an upper limit for plug wear 

predictions. 

21 



5. The shear stress leads to a larger wear area (RSA) but lower W r . Compared with the deep 

or back attack wear, the shear wear pattern is less dangerous. In the bubbling region the 

RSA-values are related to gas flowrate and in the flow transition region or in the 

neighbourhood of M* '= l the RSA drops somewhat. 

6. As the wear of plug refractory and the risk for the liquid steel penetration into the tuyere 

are rather high in the region of 0.5<M*'< 1.5, an optimum region for operating tuyeres 

with i.d.<2.0 mm may be 0.15<M*'<0.45. 
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L I S T OF SYMBOLS 

Ao cross-sectional area of the tuyere (m 2 ) 

Co sound velocity of the gas at room or stagnation temperature (m/s) 

CT acceleration due to gravity (m/s2) 

h height of liquid bath (m) 

k ratio of specific heats 

K thermodynamic temperature 

m* critical mass flowrate (kg/s) defined by Eq. (5) 

m mass flowrate of the injected gas (kg/s) 

M local Mach number of the gas 

M' nominal Mach number defined by Eq. (2) 

M * ' nominal Mach number defined by Eq. (7) 

NMa nominal Mach number defined by Eq. (4) 

P static gas pressure at tuyere outlet (N/m 2) 

Pat atmospheric pressure (101325 N/m 2 ) 

Ph hydrostatic pressure at tuyere outlet (N/m 2 ) 

R specific gas constant of a particular gas (J/kg K) 

Ug gas velocity at room temperature and hydrostatic pressure (m/s) 
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Ugo gas velocity at room temperature and atmospheric pressure (m/s) 

V g volumetric flowrate of the gas at room temperature and hydrostatic pressure (m3/s) 

Vgo volumetric flowrate of the gas at room temperature and atmospheric pressure (m3/s) 

T 0 stagnation (room) temperature for the gas (K) 

pi liquid density (kg/m 3 ) 

p.,o gas density at room temperature and atmospheric pressure (kg/m 3 ) 

ABBREVIATIONS 

ATP the condition for a gas at 293 K and 1.013 bar 

BAF back attack frequency 

BAS back attack strength 

cf. compare or confer 

EAF electric arc furnace 

H.M. hot modulus of rupture 

i.d. tuyere inner diameter (mm) 

RDA radius of deep wear area for tested brick (mm) 

RSA radius of shear area for tested brick (mm) 

W r brick wear rate (mm/hour), the quotient of brick wear depth divided by test time 

[X] content of X in metal, in weight % 
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PICTURES 

Picture 1 - Bricks C (left) and T (right) after reference test R9; test time 8 hours, metal 

temperature 1550 °C. 

Picture 2 - Brick C after t l8 ; test time 6 hours, tuyere i.d. 0.8 mm, Ar flowrate 10 Nl/min, 

metal temperature 1550 °C. 
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Picture 3 - Brick C after t l 9 ; test time 6 hours, tuyere i.d. 0.8 mm, Ar flowrate 13 Nl/min, 

metal temperature 1550 °C. 

Picture 4 - C bricks tested 6 hours with Ar flowrate 20 Nl/min and at metal temperature 

1550 °C. On the left: bricks after t29; tuyere i.d. 2.0 mm. On the right: bricks 

after t22, tuyere i . d. 0.8 mm. 
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ABSTRACT 

Single tuyere wear tests of MgO-C and burnt magnesia bricks have been 
performed to study relations between tuyere charactersistics and refractory 
wear parameters, with the emphasis on the wear zone geometry. Either Ar or 
N2 was used as the injected gas and the test temperature for liquid metal was 
1400, 1550 or 1700 °C. A bubble expansion wear mechanism has been 
proposed for the mechanical wear of tuyere refractory by comparison of 
bubble radii and the wear zone geometry of refractory bricks and H3BO3 
disks as well as by accounting for the connections between the process of 
tuyere gas dispersion and wear agents for the refractory. From the two-stage 
bubble growth model and the wear test results, equations are derived to 
predict the deep and shear wear zone radii at nominal Mach numbers up to 
one. The wear rate of the tuyere refractory is deduced as a function of the 
product of the gas mass flowrate and nominal Mach number or the nominal 
momentum rate for the gas injection. The model equations can be used for an 
optimum design of single- and multiple-tuyere plugs for combined blowing 
BOF. Based on the study results, improvements in gas stirring operations in 
the steelmaking can also be made to reduce the wear of MgO-C refractory 
around the tuyere/s and for the plugs. 



1. INTRODUCTION 

One type of BOF stirring plugs used widely by steel producers to achieve sufficient bath 

agitation is made by embedding pipes or tuyeres (or a single pipe) of stainless steel in 

MgO-graphite refractory [1-5]. Stresses of thermal, chemical and mechanical nature are 

exerted on the refractory, which cause the refractory wear and decrease the service time for 

the plugs [1-3]. For the multiple-tuyere plugs constructed by setting numerous, small 

diameter tuyeres in the MgO-C refractory, wearing effects of chemical stresses are low 

when using an inert gas. The risk for thermal shock damage to the plugs wil l also be 

reduced by utilizing an MgO-C refractory with high carbon content, that can largely 

increase the thermal conductivity and, therefore, the resistance to thermal shock [4-6]. 

Hence, effects of the mechanical stresses have become relatively important for these plugs. 

Wearing effects due to the mechanical stresses on the plugs can be simulated by using 

water modelling and, more closely to the plug service conditions, by inert gas injection 

through tuyeres of small diameters at steelmaking temperature. One type of mechanical 

stress is the shear stress induced by submerged gas injection [7-10]. The shear stress 

measured on the bottom wall of the water model vessels [7, 9] reached a maximum near 

the tuyere tip and decreased sharply outwards [9, 10] to a lower level near the vessel wall 

[7, 9]. A stress with much higher magnitude can be induced by liquid impact or cavitation 

which was suggested as a result of bubble collapses due to an instability of gas jet or 

cavity [8]. The close relation between the observed cavitation wear of the H 3 B 0 3 disks and 

the measured back attack frequency [8] leads to the conclusion that the back attack induces 

the cavitation. 

The back attack, the blowing back of the gas jet with certain frequency and impact force 

has been regarded by Aoki et al [11] as an important wear agent for tuyere refractory. They 

and other researchers [12] used the pressure for tuyere gas injection, rather than the 

nominal gas velocity or Mach number for the tuyere, as the independent parameter against 

which the back attack was measured. By using the results on measured back attack 

frequency [11-13] and strength (impact magnitude [11] or pressure amplitude [13]) 

qualitative estimations on the refractory wear trend can be made. 

The refractory wear problem has been studied by some researchers using water modelling 

and adopting the nominal gas velocity or Mach number as the independent variable. It was 

shown that the dependence of wear rates of refractory simulators, H 3 B 0 3 disks, on the 

nominal Mach number for the gas injection [8, 14, 15] was very similar to the trend of 

bubbling found in studies on bubbling-jetting phenomenon [16-19]. The frequency of 

pressure increase or back attack measured near the tuyere tip also changed similarly with 

the trends for disk wear rates and the bubbling [8, 14-19]. 
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In the previous laboratory study using an induction furnace [2], the wear of the MgO-C 

refractory around a tuyere was found to be mainly due to matrix erosion. Two nearly round 

wear zones with the tuyere tip as their centre, the deep and shear wear zones, were 

observed for the tested refractory bricks. The radius for the deep wear zone, in which the 

refractory wear depth increased towards the tuyere, was defined as RDA and for the shear 

wear zone as RSA. The measured RDA and RSA values as well as the refractory wear 

depth or wear rate were related to both the injected gas flowrate and nominal Mach 

number, M* ' . These wear parameters increased with M * ' values up to M * ' = l . At M*'>1, 

the parameters did not increase, or even decreased somewhat. 

The fact that the refractory wear increases in the bubbling regime or at M*'<1 indicates a 

close relation between the bubble formation at a tuyere and the wear agents for the tuyere 

refractory. For investigating this relation, wear tests of refractory bricks are performed in 

the present study. The brick wear results obtained both presently and previously [2] and 

the disk wear results from water modelling studies [8, 14] will be compared with earlier 

results on the bubbling dispersion process during submerged gas injection [16-30]. 

2. THE TEST APPARATUS AND PROCEDURES 

Tuyeres with dimensions shown in Table 1 and refractory bricks with the properties listed 

in Table 2 were used to form tuyere-refractory assemblages for the wear tests. Brick T was 

burned magnesia brick with pitch impregnation which has ceramic bonding and high 

strength. Brick C was a MgO-C brick with resin bond and 2% Al metal addition and, 

hence, a higher strength than that of another MgO-C brick, brick B [2]. 

Table 1. Dimensions of tuyeres used in tests. 

Tuyere code A B C D 

Inner diameter (mm) 0.8 1.0 1.6 2.0 

Outer diameter (mm) 1.2 1.5 2.1 2.6 

The experimental set-up and apparatus are identical to those in [2]. The procedures for 

wear tests with a metal temperature of 1550 °C were also the same as those in [2]. The 

time for the testing phase was 8 hours for two of the 1400 °C tests and only slightly more 

than one hour for the 1700 °C test due to severe damage to the crucible at the higher 

temperature. In the testing phase of the 1700 °C test, Olivine pellets (TFe 66%) were 

added three times, with 50 grams for each addition, into the bath to maintain a very low 

carbon content in the liquid steel. After the wear tests, bricks were retrieved for wear 

examination in the same way as described in reference [2]. 
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Table 2. Composition and physical properties of tested bricks. 

Brick name PMK9412 DPPC DS001T 

Brick code for tests B C T 

Brick type MgO-C MgO-C Burnt 

magnesia 

Bonding pitch resin ceramic 

Metal A l addition — 2% 

Residual carbon 12% 14% 

Main application BOF - slag line, 

trunnion area 

BOF - porous 

plug 

BOF, EAF 

Magnesia type and analysis 

Type sintered fused and sintered sintered 

Analysis %: MgO 97 97.5 98.5 

Fe 203 0.3 0.3 0.2 

AI2O3 0.2 0.2 0.1 

CaO 2 1.5 1.1 

S i 0 2 
0.5 0.5 0.1 

Physical data : As delivered/After A. S. T. M . Coking (Coked at 1000 °C, 5-6 hours) 

Bulk density (g/cm 3) 2.98/2.93 2.92/2.87 3.12 

Open porosity (%) <7/<12 <6/<12 <4 

Cold crushing strength (N/mm 2) >30/>30 >30/>20 >70 

Specific heat (kJ/kg-K) 0.96 0.95 0.97 

Thermal conductivity, (W/m-K) 

100 °C 

600 °C 

1200 °C 

7.5 

6 

10 

8 

5.2 

3.0 

3. RESULTS 

3.1. Results from brick wear tests 

The brick wear results are shown in Table 3. For the T bricks tested at both 1400 °C and 

1700 °C the wear depth, WD near the tuyere was zero. There were, however, two zones 

where magnesia particles appeared on the top surface of the bricks, which distinguished 

the two zones from the rest of the nearly unaffected area with a dark brown colour. The 

radius of the zone around the tuyere, in which the exposed magnesia particles were white 

and some particle boundaries were slightly damaged, was measured. This measured radius 

was defined as the estimated RDA. The outer zone, in which the colour of the magnesia 
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particles was darker than in the zone around the tuyere, was regarded as a shear affecting 

zone and an estimated RSA was measured for this zone. One piece of the T bricks from 

test t l 2 was sawed along its central line and through the tuyere hole for examining the 

brick decarbonization. By comparing the thickness of the decarbonizing layer on the sawed 

surface to the colour change for the magnesia particles at the top, the estimated RDA and 

RSA were determined rather easily for the T bricks from the test, despite the shorter 

testing time. 

Table 3. Wear test parameters and brick wear results. 

Test Brick Metal bath 
properties 

Tuyere i.d., gas and 
flowrate V 2o 

Parameters of brick 
wear zones and depth 

No. time code temp. [C] rsj i.d. Gas Vao RDA RSA WD 

Hour °C % % mm Nl/min mm mm mm 

t2 8 T 1400 4.21 0.073 1.6 Ar 15 17.0* 29.0* 0 

t5 6 T 1400 4.03 0.071 2.0 N 2 20 20.0* 32.4* 0 

t l 2 1.17 T 1700 0.005 0.014 1.0 Ar 5 12.0* 20.0* 0 

t3 6 B 1400 3.986 0.080 1.0 N 2 
10 N.M 24.5 0 

t6 6 B 1550 2.23 0.034 2.0 Ar 15 10.0 32.5 4.17 

t l 8 C 1400 4.01 0.076 0.8 Ar 5 0 0 0 

a 6 C 1550 0.268 0.041 1.6 N 2 
5 6.0 16.0 2.5 

* Estimated values as described above. N.M - Not measurable. 

An affected central zone that was dark and elliptical was observed on the surface of the 

bricks from test t3 and the semi-minor axis of the affected zone was measured as RSA. No 

wear at all could be found on the working surface of the C brick from test t l . For the B and 

C bricks from tests t6 and t7, the WD, RDA and RSA values were determined in the same 

way as in reference [2]. 

3.2. Results of disk wear tests from water modelling 

The changing trends of wear rate, Wr, in %/min are very similar for the H3BO3 disks both 

formed by 10 ton force tested in a cylindrical plexiglas water model using tuyeres with i.d. 

of 2-8 mm [14] and formed by 10-60 ton force tested in a rectangular water tank using a 

tuyere with i.d. of 4 mm [8]. For disks formed by 20 ton force [8], a smooth central region 

could be discerned on the disk surface after tests with M*'<1.08. (The M * ' calculation is 

described in 4.1.) The radius of the smooth central region was measured and defined as the 

radius of wear area. The smooth central region was a little higher than the outside coarser 

surface for the disks tested with M*'<0.29. At M*'>0.29 the smooth region was eroded 

deeper than the outer zone and the disk wear depth was greater towards the tuyere. 
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4. DISCUSSION 

4.1. The calculations of M * ' and Q T 

The nominal Mach number, M* ' , for a test is calculated by Eqs. (1) and (2) [2]. Eq. (3) is 

used to calculate the gas flowrate at test condition. By substituting V go in Eq. (3) with the 

relation of V g o and M * ' derived from Eq. (2), Eq. (4) is obtained. Constants listed in Table 

4 are used for the calculations. 

w « = ( j f c ± £ ^ ( M = 1 ) 

(To ) 1 

(1) 

W m 
m 

2R 
( ^ + P l ^ ) V k(k + l) (2) 

QT 
Pat Jr. 

{Pat+Plgh) TR 

(3) 

_ AQM*' Pat TT k(k + l) i 

i t ( 2R >' 
P ,o (?o) 2 R 

(A) 

Table 4. Values of constants [31, 32] for calculating Q T and M* ' . 

GAS LIQUID 

k R (k(k+l)A 
{ 2R ' 

T B [2, 8] Pi h [2, 8] 

kg/m 3 J/kg- K K kg/m 3 m 

Ar 1.662 1.67 208.13 0.1035 Water 293 1000 0.43 

N 2 1.16 1.4 296.8 0.0752 Iron 1673 7000 0.15 

Air 1.21 1.4 286.9 0.0765 Steel 1823-1973 7000 0.15 

4.2. On values of W r , wear rate for the disks and bricks from wear tests 

Neither M * ' nor m can display explicitly the dependence of disk Wr on the gas injection 

operation as seen from Fig. 1-A and 1-B. By plotting the disk Wr against ( m M * ' ) 0 5 3 for 

M * ' <1 in Fig. 1-C, a liner dependence is observed. The same is also true for the C bricks 

tested at 1550 °C while the Wr data are plotted against (mM*') 0 4 8 at M*'<1 as shown in 

Fig. 2. The observed linear relationships indicate that the extent of mechanical wear for the 

disks/bricks at M*'<1 depends on the momentum rate of gas injection. Estimated values of 

Wr, defined as Wr*, can therefore be obtained by using equations: 
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Wr* = A (mM*') B (M*'<1) (5) 

( W r * ) m a x = A (m*)B (M*'=l) (6) 

- Tuyere i.d. 4 mm - Tuyere i.d. 8 mm 

I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 

0,0 0,5 1,0 1,5 2,0 2 3 3.0 3 3 

M*' 

i • i • ' • i • ' • i • ' • ' 
0,0 05 1,0 1 3 2,0 2 3 3,0 3 3 

m (kg'min) 

2.0 

1,6 

1,4 

12 

1,0 >3 

0.8 I 
0.6 

0,4 

0.2 

c 
"g 
i . 

• 

(mM*') 0.53 

Fig. 1 - Wr for disks formed by 10 ton force versus M * ' (A), m, mass flowrate 

in kg/min, (B) and ( m M * ' ) 0 5 3 (C) [14]. 
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• Tuyere i .d 2 mm A Tuyere i .d 0.8 mm 

1,0 

0,9 U Wr = 1.29 (mM*' f , (M*' < 1) R = 0.994 

0,1 h 

0,1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

(mM*')' ,0.48 

Fig. 2 - Wear rate, Wr, for C bricks tested at 1550 °C [2] versus (mM*') 0 4 8 at 

M*'<1. The mass flowrate, m, is in g/s. 

The ( W r * ) m a x in Eq. (6) is the maximum Wr* reached at M*'=l where m is equal to the 

m* calculated by Eq. (1). Values of constants A and B in Eqs. (5) and (6) depend on 

properties of the refractory and liquid metal and can be determined when the Wr data are 

plotted against mM*'. The mM*' is defined as the nominal momentum rate for a tuyere. 

4.2. The two stage growth model and calculations of bubble radii 

A radial growth of gas envelopes produced by a diffuse point source located in a body of 

ideal and large extent liquid has been assumed for modelling the bubble formation from a 

free standing nozzle [21]. Wraith et al [21] pointed out that the assumption on the radial 

growth was not applicable in the case when the gas source lay in a horizontal plate and, 

hence, became one-sided due to the presence of the plate. They observed the plate orifice 

and discovered the growth of a hemispherical envelope pressed to the plate in the early 

stages of bubble expansion. The hemispherical bubble was found evolved towards a 

spherical shape as the condition of tangential contact of the bubble with the plate was 

approached [21]. Nilmani et al [22] also observed similar phenomena. Based on their 

observations, Wraith et al developed a model for the two-stage bubble growth process at a 

submerged plate orifice by using potential theory [21, 24, 25]. 

The volumes predicted by the two-stage model for the hemispherical bubble (the maximum 

radius) and for the spherical bubble at detachment agreed well with bubble volumes 

measured from experiments using air injection into water [21]. The good agreement breaks 
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down at very high injection rates due to bubble coalescence. The coalescence between 

detaching and newly forming bubbles is more frequent with a higher injection rate [21, 

26]. The dominant gas dispersion process is transferred from bubbling to jetting when the 

coalescence becomes more or less continuous [26]. It has been found that discrete bubbles 

can still form in the transition region from bubbling to jetting and in the jetting regime 

[16-19, 22, 23], with the measured bubble volumes smaller than those predicted by the 

theory [22, 26]. 

During the initial stage of bubble growth the radial acceleration and radial velocity of the 

bubble surface are very large and the inertia of the liquid which is set in motion by radial 

expansion of the bubble produces a reaction force at the gas-liquid interface, resulting in 

an increased pressure inside the bubble [22, 26, 27]. After the initial stage the bubble 

grows further with sharply reduced acceleration and velocity leading to a reduction of the 

bubble pressure to the level of hydrostatic pressure. A very large pressure pulse induced by 

the liquid inertia has been predicted by model equations derived by Nilmani et al [22]. 

Calculations showed that at the start of bubble formation, the pressure inside the bubble 

rose to nearly the gas pressure at nozzle entry and then dropped to about hydrostatic 

pressure with further growth of the bubble [22]. Pressure pulses from bubble formation 

have also been measured in the tuyere or gas supply line when gas was injected into a 

water or mercury bath [20, 23, 26, 27, 30] as well as into a nickel matte bath [20]. The 

pressure increase measured near tuyere tip at M*'<1 in the water modelling [8, 14] may 

also be caused by the bubble formation. 

Anagbo and Wraith [26] have monitored nozzle pressure fluctuations in synchronization 

with the cine photograph of bubble growth. In the bubbling regime, the nozzle pressure 

rose sharply and almost linearly to the maximum at the early stages while the growing 

bubble was hemispherical in shape and of a small volume. The pressure then dropped 

somewhat at the beginning of the transition to the spherical bubble shape and decreased 

continuously with increasing bubble volume to the lowest pressure value at detachment of 

the spherical bubble. During bubble coalescence, as gas leaked from the lower bubble 

directly connected to the nozzle and flowed into the preceding bubble above, the pulse 

signal was truncated or the pressure magnitude reduced. They also found that the mean 

pressure fluctuation or amplitudes of the pressure pulses increased with increasing gas 

velocity in the bubbling regime and fell off as the jetting regime became dominant [26]. 

The pressure inside the hemispherical bubble will also increase in the early growing 

stages, in a way similar to the pressure increase in the nozzle [22, 26, 27, 30]. This 

increased pressure is also exerted on the plate surface which is in contact with the base of 

the hemispherical bubble. 
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The two-stage growth model is applicable for dispersion of the gases from tuyeres set in 

the refractory or embedded in the BOF plugs, as the plate orifice closely simulates the 

tuyere mouth with the plate as the refractory surface. The hemispherical bubbles grow at a 

tuyere by pushing radially outwards the surrounding liquid that washes or shears the 

refractory surface. The higher initial growth rate of the bubble leads to a higher shear 

stress near the tuyere. This explains the highest shear stress being measured at the tuyere 

tip [10]. Thus, as a result of the hemispherical bubble formation, the tuyere refractory may 

initially suffer shear stress from the out-pushed liquid and subsequently the pressure 

increase or pulse when contacting with the bubble base. The shear stress with lower 

magnitude may also be induced on the refractory surface by the spherical bubble expansion 

in the later stage. The magnitude of the pressure and shear stress as well as their frequency 

wil l be higher, too, for the tuyeres with a higher flowrate and M * ' [8, 10, 14, 20, 23, 26] or 

a higher nominal momentum rate in the region of M*'<1. The measured wear zone 

geometry should be related to the calculated bubble radii, i f the inferred wear agents or 

mechanism due to the bubble expansion are responsible for the brick and disk wear 

described in sections 3.2 and 3.3. 

To calculate the maximum radius for the initial hemispherical bubble, a, Eq. (7) [24] can 

be used for low velocity gas injection and Eq. (8) [24] should be used when the gas 

velocity is high. The volume, V d , and radius, r, of the spherically shaped bubble at the 

instant of tangential contact or detachment can be calculated by Eqs. (9) and (10) [24]. 

a = 0 . 4 5 ß ° V 0 - 2 (7) 

3 P z A 

Vrf = 1 . 0 9 ß ' ' Y ° 6 (9) 

r = 0 . 6 4 ö ° V 2 (10) 
- l T - 1 2 9 0 9 . 4 4 - ^ - - / = 0, ( / = - V ) (11) 
4a- Q- pLr0-

Eq. (11) is obtained by a further simplification of Eq. (8) by defining a I factor and using 

981 cm/s2 for g, where r 0 is tuyere radius and the unit for r 0 and a is cm and for Q is cm3/s. 

Eq. (11) is solved for a values using different values for the gas flowrate and I factor and the 

results are shown in Fig. 3 together with the a values obtained by Eq. (7). It is seen from 

Fig. 3 that for Q<500 cnfVs independent of I or I<0.005 cm-2 independent of Q as well as for 

Q<1000 cm3/s and I<0.04 cm-2, Eq. (7) can be used for easy calculations of a. For the other 
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Q and I values Eq. (8) or (11) should be used in order to take into account the influence of 

gas kinetic energy on the maximum radius of the hemispherical bubble. 

For the previous [2] and present refractory wear tests, the temperature of the gas entering the 

growing bubble wi l l increase due to heat transfer from liquid metal [21]. This makes it more 

difficult to calculate the gas flowrate at the test condition for computing values of a and r 

than in the case for an air-water system. Experiments with cold nitrogen injection through a 

free-standing submerged lance into a transparent molten salt have shown that the bubble 

temperature increased fairly steadily during growth to a value at detachment somewhat 

lower than the surrounding liquid temperature [21]. Based on this result, for calculations of 

the gas flowrate, the temperature of the metal bath, T B , was taken as the temperature for the 

gas in the detached bubble. The average temperature, T a , obtained by averaging over the 

bath and room temperature, T B and T R , was assumed as the temperature for the gas forming 

the hemispherical bubble or: 

Gas temperature in the bubble at detachment = T B (12) 

T +T 
Gas temperature in the hemispherical bubble ~ TA= — — (13) 

Fig. 3 - Radius of hemispherical bubble, a, calculated by using Eqs. (7) and 

(11) versus gas flowrate for different I (in cm- 2 ). 
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4.3. Comparison of the wear zone geometry and bubble radii 

4.3.1. RDA and a, radius of the hemispherical bubble 

•a (1=0.03025) Wear zone radii 
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Fig. 4 - Disk wear zone radii [8] and calculated a for 1=0.03025 versus air 

flowrate. The values of M * ' are given below the data points. 

The wear zone radii of the H 3 B 0 3 disks formed by 20 ton force [8] and the a values 

calculated by Eq. (11) with 1=0.03025 are in rather good agreement as shown in Fig. 4. 

The agreement indicates that the smooth wear area has been covered by the initially 

formed hemispherical bubble. With M*'<0.29, the wear is reduced by the surface coverage 

of the bubble that reduces the time the surface is exposed to water, leading to a smooth 

central region a little higher than the outside coarser surface [8]. The coarser surface 

outside may always contact with or be washed by water that flows as a result of the 

spherical bubble expansion in the second stage. At M*'>0.29, the smooth central zone is 

eroded deeper than the coarser surface and the wear depth near tuyere, as well as the disk 

weight loss, increases notably. As mentioned above, the pressure and frequency for the 

hemispherical bubble formation also increase with M* ' . Based on the similar trend for the 

bubble pressure/frequency and the disk weight loss, as well as the coincidence of the 

bubble radii with the wear zone radii shown in Fig. 4, the deep wear found in the smooth 

wear zone can be attributed mainly to the hemispherical bubble growth in the early stage. 

The radii for the smooth disk wear zone can therefore be regarded as RDA. 
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Fig. 5 shows the relation between gas flowrate and the estimated RDA for T bricks tested 

at 1400 and 1700 ° C in the present study, with a calculated by Eq. ( 7 ) also shown for 

comparison. The agreement between the RDA and a values seen in Fig. 5 indicates that the 

expanding hemispherical bubble pushes the liquid outwards leading to a high shear stress 

or friction on the surface and enhancing mass transfer between the liquid and the brick. 

The colour of the magnesia particles was changed as a result of the exertion of the high 

shear stress on the brick surface. The higher degree of decarbonization was observed for 

the T brick in test 112 due to the enhanced mass transfer. 

•a (Bj . 7) A T brick (t2) T T brick (tS) • T brick (t!2) 

53 
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Q 
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— 

r2 

22 

20 
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14 

12 
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i i i i i 

200 300 400 500 600 700 800 900 1000 1100 

Gas flowrate at test condition (cm 3/s) 

Fig. 5 - Estimated RDA for T bricks and a, radius of hemispherical bubble, 

computed by Eq. ( 7 ) versus Q T (calculated by using T a as T T ) . The M * ' 

values range from 0.25 to 0 . 3 1 . 

The RDA-values measured in the previous study [ 2 ] for the C bricks tested with liquid 

steel at 1550 ° C agree rather closely with the a values calculated for 1=0 .041046 in the M * ' 

range from 0 .41 to 1.05, as seen in Fig. 6. The observed wear depth is maximum around 

the tuyere and the worn brick region resembles a right circular cone [ 2 ] , suggesting that the 

wear force is maximum around the tuyere periphery and decreases radially away from the 

tuyere, similar to the force from the hemispherical bubble expansion. This indicates that 

the high shear stress and pressure pulse due to the bubble expansion are the main wearing 

agents causing the deep wear for the C bricks at M * ' < 1 . Before reaching radius a the 

pressure from the hemispherical bubble growth has decreased to the level of the 

hydrostatic pressure. Thus, the measured RDA value should generally be less than or close 

to the value of a. 

1 2 



a (1=0.041046) RDA ( C brick [2]) 

C3 
C 
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< 
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Fig. 6 - RDA for C bricks tested with tuyeres of 0.8 mm i.d. [2] and a 

calculated by Eq. 11 with 1=0.041046 versus gas flowrate obtained by 

using T a as T T - The values of M * ' are given below the data points. 

4.3.2. RSA and r, radius of the bubble at detachment 

The RSA values measured for the C, T and B bricks in previous [2] and present studies are 

in good agreement with the values of r, the bubble radius at the instant of tangential 

contact or detachment, as shown in Fig. 7. Fig. 8 shows that RSA for C bricks tested with 

tuyeres of 0.8 mm i.d. agrees well with r while M * ' is increased to 0.82 and is lower than r 

at M*'>1.05. The agreements reveal that the brick wear, outside the deep wear zone, is 

caused by the shear stress from liquid metal which is pushed outwards by the spherical 

bubble expansion in the second growth stage. The liquid may also flow back at the instant 

of bubble detachment and shear the surface again in the opposite direction. 

The coincidence of calculated r and measured brick RSA can be explained by results in 

references [33, 34] which demonstrate that the bubble base spreads more readily on the 

surface in a nonwetting metal-refractory system than in a water model. It may thus be 

deduced that the bubble covers the refractory surface for most of the second growth stage. 

For the disks tested in the water model [8] the coarser surface outside the smooth region 

indicates that in the second expansion stage the base of the spherical bubble was not in 

contact with the disk surface. This was not only in agreement with the bubble shape and 

position during the later growth stage in water suggested by Wraith [24], but also made it 

very difficult to measure RSA for the disks. 
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r ( E q . 10) A RSA ( C brick) + RSA* (T brick) • RSA (B brick) I 

200 400 600 800 1000 1200 1400 1600 1800 2000 

Gas flowrate at test condition (cm J/s) 

Fig. 7 - R S A measured for the C, B and T bricks (the estimated R S A ) and r 

calculated by Eq. (10) versus Q T (calculated by using T B as T T ) . The M * ' 

values for the tests range from 0.1 to 0.5. 

Fig 8 - R S A measured for the C bricks tested with tuyere of 0.8 mm i.d. and at 

1550 °C [2] as well as r calculated by Eq. (10) versus Q T (calculated by 

using T B as T T ) . The M * ' values are given below the data points. 
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4.4. The refractory wear mechanism due to bubble expansion 

(a) (b) 

(a) At the beginning, the hemispherical bubble 
expands radially at a high rate and pushes out 
liquid which flows over the refractory surface 
and exerts shear stress of high magnitude. High 
interna] bubble pressure is applied on the 
surface contacting with the bubble base. 

(b) With further growth, the expansion rate of 
the hemispherical bubble is reduced leading to 
a reduction of magnitude for the shear and 
pressure force. The bubble pressure P l and 
shear stress S I at the beginning are greater 
than those at the later instant P2 and S2. 

T 

(c) 

T 

(d) 

(c) In the later growth stage, the liquid is 
pushed out by the expanding bubble and a 
shear stress is exerted on the surface with 
lower magnitude. 

(d) With the bubble detaching from surface, 
the liquid flows towards the tuyere and shear 
stress is applied on the surface in the 
opposite direction. 

In the drawings: H B or SB - Hemispherical or spherical bubble. P - Pressure from hemispherical 
bubble expansion. R - Refractory. S - Shear stress on the surface. T - Tuyere. 

The drawings: (a) (b): Growth of hemispherical bubble pressed to plate or refractory surface in the 
early stage, (c) After transition from the hemispherical growth stage, the bubble grows for most of 
the later stage with its base still spreading on the surface in nonwetting metal-refractory system, (d) 
the bubble detaches from the surface in a spherical shape. 

Fig. 9 - Schematic representation of the bubble expansion wear mechanism for 

tuyere refractory at M*'<1 and with occurrence of bubbling. 

The close relations between the calculated bubble radii and the values of RDA and RSA 

measured from the wear tests indicate that the bubble expansion is the primary cause of 

refractory wear near the tuyere or a refractory wear mechanism. The expansion of the 

hemispherical bubble in the early stage generates shear stress and pressure on the 
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refractory surface and the growth of the spherical bubble in the later stage produces shear 

stress of a lower magnitude on the surface outside the zone covered by the hemispherical 

bubble. The proposed bubble expansion wear mechanism is schematically shown in Fig. 9. 

The back attack at tuyere front in the bubbling flow regime, that has been regarded as the 

same phenomenon as the bubble knocking [18], is very likely the pressure increase due to 

the expansion of the hemispherical bubble. Earlier results on back attack and shear wear 

[2, 8, 13-15] can thus give a deeper understanding of the bubble expansion wear 

mechanism and be used to derive equations for estimations of RDA and RSA from Eqs. (7) 

and (10). For deriving these equations the rich information on bubbling-jetting 

phenomenon [16-20] should also be referred to. The bubbling or back attack frequency 

increases with M * ' until M* '= l and in the transition region with M*'>1 the bubble 

frequency drops and the bubble volumes are smaller than those calculated by the model 

equations [22, 23, 26]. Figs. 4, 6 and 8 show also that the values of RDA and RSA are 

lower than the values of a and r at M*'>1. These results suggest that M * - 1 should be set 

as a limiting M * ' value for using Eq. (7) and (10) and the values of a and r or RDA and 

RSA wil l reach the maximum at M * ' = l . 

There are discrepancies between the calculated a values and the measured RDA values for 

B bricks from test t6, C bricks from test t7 and the C bricks previously tested with 2 mm 

i.d. tuyeres [2]. The M * ' values for these tests are less than 0.2, which gives a low tuyere 

momentum rate (mM*') and a low damaging effect of the refractory from the bubble 

expansion. The discrepancies reveal that the values of a and RDA can be similar as found 

in Figs. 4 and 6, only when the hemispherical bubble expanding with a damaging effect 

that is high enough to cause deep wear in the whole zone covered by the bubble. There 

may also be disagreements between values of r for the spherical bubble and radius for the 

shear wear area, depending on the values of mM*' and refractory strength. Thus the RDA 

and RSA estimated by using a and r may be considered as upper limits or maximum values 

for the wear parameters and defined as RDA* and RSA*. By using Q T from Eqs. (3) and 

(4) in Eqs (7) and (10), the following equations are obtained to calculate values of RDA* 

and RSA*: 

RDA*= 0.45 (- - 3 ö I t t? ,0A „-0,2 
pat+PL8h TR 

(M*'<1) (14-a) 

RDA*= 0.45 (M*')°- 4 ^21)0.4 ( + £ f.2 
PgO TR 2 g K 1 o 

(M*'<1) (14-b) 

R S A * = 0.64 ( — ^ — ^ y , o ) 0 - 4 g'0'2 

Pat+PLgh TR

 g 0 J 

(M*'<1) (15-a) 
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RSA* = 0.64 ( M * ) 0 - 4 ( ^ L I t f A ( ) 0 . 2 ( M * , < 1 } ( 1 5 . b ) 

RDA* = a. 0.45 (• ApPgt TT.QA ( k(k + \) 0.2 (M*' = l ) (16) 
max max P g 0 TR> 2GRT0 

RSA* = rr 
= 0.64 ( ApPqt TT 0.4 , k(k + l) 0.2 (Af*'=T)(17) 

max max P g 0 TR' " 2gRT0 

Either V g 0 or M * ' can be used in Eqs. (14) and (15) to compute RDA* and RSA*. Eqs. 

(16) and (17), obtained from Eqs. (14-b) and (15-b) with M * ' = l , can predict the maximum 

RDA* and RSA* of the refractory caused by the tuyere gas injection. T 0 , the stagnation 

gas temperature, in Eqs. (14)-(17) may be assumed as equal to T R , the room temperature 

[2]. According to the present study, it may be reasonable to assume T j = T A in Eqs. (14) and 

(16) for the hemispherical bubble. The T a is obtained by averaging the room and bath 

temperature. The temperature of the metal bath, T B , may be approximated to T T , the 

temperature for the detached spherical bubble in Eqs. (15) and (17). 

Eqs. (14) and (15) show that the RDA* and RSA* can be reduced by reducing either M * ' 

or Ao, the cross sectional area of a tuyere, or by reducing gas flowrate while M*'<1. Eqs. 

(16) and (17) imply that the maximum RDA* and RSA* reached at M*'=l depend almost 

entirely on Ao and are smaller for a smaller Ao. Ao can then be regarded as the only 

limiting factor for both RDA* and RSA* at M*'>1. A smaller tuyere Ao can thus be 

chosen, if the gas flowrate cannot be decreased, to make the M * ' values greater than one, 

for reducing the RDA* and RSA*. 

For the multiple-tuyere plugs, twice the maximum a or RDA* computed by Eq. (16) may 

be regarded as a minimum distance between a tuyere and other tuyeres with the same 

dimension. An overlap of the zones for the hemispherical bubble expansion can be avoided 

by setting the tuyeres with this minimum distance in the plug refractory. This is important, 

as the overlap may further increase the wear. When an oxidizing gas is injected by the 

tuyere, the maximum r or RSA* computed by Eq. (17) may be used to estimate the area 

covered by the gas or the area for chemical wear of the refractory. For tuyeres embedded in 

refractory or in the multiple-tuyere plugs, two times the maximum r or RSA* may be 

regarded as the minimum distance for free tuyeres. The refractory surrounding a free 

tuyere wil l not be touched by gas bubbles formed at other tuyeres. 

In Table 6 the refractory wear agents accounted for by the bubble expansion wear 

mechanism and the predictions on wear parameters are summarised. The results in Table 6 

and Eqs. (5), (6) and (14)-(17) can be used as a basis for achieving optimum designs and 
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operations for the single- and multiple-tuyere plugs for BOF. At M*'>1, in the transition 

region of bubbling-jetting and in the jetting regime, the bubble frequency is reduced with 

increased time fraction for jetting [14-20] which leads to the reduction of all wear 

parameters. As a first approximation, the maximum wear parameters, RDA*, RSA* and 

Wr*, reached at M * - 1 may be used to estimate the refractory wear in the transition region 

where M * ' may range from 1 to 3 [8, 14-19]. 

Table 6. Bubble expansion wear mechanism and prediction on wear 

parameters for tuyere refractory  

Wear agents attributed to bubble expansion at a tuyere and wear predictions 

Two-stage bubble 

expansion process 

Expansion of hemispherical 

bubble in early stage 

Expansion of spherical 

bubble in later stage 

Wear agents induced 

by bubble expansion 

High shear stress and bubble 

or back attack pressure 

Shear stress of lower 

magnitude 

Wear zone and its 

location 

Deep wear zone around 

tuyere 

Shear wear zone around 

deep wear zone 

Wear parameters Wr, RDA RSA 

Change trend of Wr, 

RDA and RSA 

M*'<1, increase with M* ' ; reach maximum at M * ' = l . 

M*'>1, decrease with M * ' or become stable. 

Estimated Wear 

parameters, Wr*, 

RDA* and RSA*, 

at M*'<1 

Wr* = A (mM*') B 

RDA* = a or radius of 

hemispherical bubble 

RSA* = r or radius of 

spherical bubble 

For reducing wear of 

the tuyere or plug 

refractory 

Using smaller inner diameter and M * ' value much 

smaller or larger than one for a tuyere and the tuyere 

distance larger than two times RDA* (or RSA*). 

The bubble frequency calculated by Eqs. (7) or (9) may not be the same as the bubble 

striking or back attack frequency measured at tuyere tip [2, 8, 14, 18], due to the bubble 

coalescence [14, 26]. The maximum pressure or force magnitude suggested by the bubble 

expansion mechanism is deduced as somewhat lower than the gas pressure at the tuyere 

inlet [14, 22, 27]. Other wear agents with a higher pressure, such as cavitation [8], may 

also relate to the process of bubble expansion at a tuyere. 
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5. SUMMARY 

The radii of the deep and shear wear zone, RDA and RSA, for BOF bricks tested at high 

temperature and H3BO3 disks tested in water modelling have been compared with the 

computed radii of the hemispherical bubble and the spherical bubble at detachment, 

respectively. Based on this comparison, a wear mechanism due to bubble expansion is 

suggested for the tuyere refractory. Equations are derived to compute estimated RDA and 

RSA defined as RDA* and RSA* from low M * ' values up to M * ' = l , by combining the 

two-stage bubble growth model and the wear test results. The maximum RDA* and RSA* 

at M * ' = l calculated by the equations can be referred to for designing the single- and 

multiple-tuyere plugs. A functional relationship between the disk and brick wear rate, Wr, 

and the nominal momentum rate from the tuyere gas injection, mM*', has also been found 

at M*'<1, that can be adopted to calculate the estimated wear rate, Wr*. By referring the 

predictions on Wr*, RDA* and RSA*, optimum methods can be adopted to reduce the 

refractory wear of tuyeres and plugs for the combined blowing BOF. 
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L I S T OF SYMBOLS 

a maximum radius of the initial hemispherical bubble. 

Ao cross-sectional area of the tuyere (m 2 ) 

O acceleration due to gravity (m/s2) 

h height of liquid bath (m) 

I I factor, 7 = p „ ( p i ) " 1 ( r 0 )
- 2 

k ratio of specific heats 

m* critical mass flowrate (kg/s) for a tuyere when M is one, defined by Eq. (1) 

m mass flowrate of the injected gas (kg/s) 

mM*' nominal momentum rate from tuyere gas injection 

M local Mach number of the gas 

M * ' nominal Mach number calculated by Eq. (2) 

Pat atmospheric pressure (101325 N/m 2 ) 

Q gas flowrate at test condition, 

Q T gas flowrate at test condition, Q T = Q 

r bubble radius at the instant of tangential contact or detachment 

ro tuyere radius 

R specific gas constant of a particular gas (J/kg K) 

T A 
T A = ( T R + TB) /2 , average temperature for the gas in the hemispherical bubble 

T B 
temperature for liquid bath and for the detached gas bubble 

To stagnation temperature for the gas, T 0 is assumed equal to 293 K 

T R room temperature, T R = 293 K 

T T 
gas temperature at test condition, 

v d 
bubble volume at the instant of tangential contact or detachment 

Vgo volumetric gas flowrate at 293 K and atmospheric pressure (m3/s) 

gas density at 293 K and atmospheric pressure (kg/m 3 ). 

PS 

gas density at test condition. 

PL liquid density (kg/m 3 ) 
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ABBREVIATIONS 

BOF basic oxygen furnace 

EAF electric arc furnace 

i.d. tuyere inner diameter (mm) 

Nl/Min gas flowrate at the temperature of 293 K and pressure of 1.013 bar in litre/minute 

RDA radius of deep wear area for tested brick (mm) 

RSA radius of shear area for tested brick (mm) 

WD brick wear depth 

Wr brick or disk wear rate 
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T H E W E A R OF MgO-C R E F R A C T O R Y FOR 
T H E BOF STIRRING P L U G W I T H M U L T I P L E T U Y E R E S 

AND T H E T U Y E R E INTERACTION 
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ABSTRACT 

Wearing effects of tuyere interaction on MgO-C refractory for the BOF 
stirring plug with multiple tuyeres have been studied by performing single-
tuyere and double-tuyere wear tests using molten steel of 1550 °C and Ar gas. 
Two tuyeres were set in the refractory with different distance between their 
centres for the double-tuyere wear tests to simulate service conditions for the 
multiple-tuyere plugs. The results show that the wear is severe with a tuyere 
distance of 12 mm and 10 Nl/min Ar flowrate for each tuyere due to an 
overlap of the high wear zone around the tuyeres. The wear is reduced to the 
level of wear for the single tuyere when the tuyere distance is increased to 24 
mm or more. With a tuyere distance less than 50 mm, an overlap of the shear 
zone for the tuyeres occurs giving an elliptic shear wear zone around tuyeres. 
With a distance of 50 mm for the tuyeres, the interaction effects on the 
refractory wear disappear. Based on test results and the bubble expansion 
wear mechanism, methods for estimating, reducing and eliminating 
mechanical wearing effects of tuyere interaction are discussed and suggested. 



1. INTRODUCTION 

Multiple-tuyere plugs are nowadays used by many steel manufacturers for bottom stirring 

of the BOF metal bath with inert gases. [1-5]. The plugs are constructed of numerous steel 

pipes/tuyeres of 0.5-6.0 mm inner diameter set in the MgO-C refractory at distances of 12-

40 mm with isostatic pressing [1-3]. Due to the small tuyere inner diameter, the risk for 

liquid steel penetration into the tuyeres is reduced [2-3, 6]. The wear on the plug refractory 

is also lower than on the refractory around a single or double-pipe tuyere owing to a lower 

gas flowrate for each tuyere in the plug [2, 3, 5]. By using these plugs the metallurgy of 

the oxygen steelmaking process has been improved, giving increased iron yield and 

manganese residual as well as reduced alloy and flux additions, as compared with top 

blowing BOF. Besides those general benefits, the gas flowrate range for the plugs is larger 

than that for both the single-pipe and double-pipe tuyeres. The bath stirring intensity and 

the related total iron content in the slag can, therefore, be adjusted in a wider range by 

using the plugs to meet dephosphorization demands for producing steel grades with 

different carbon contents [1 ,3] . 

To examine the plug wear that is mainly caused by mechanical stresses, wear tests have 

been performed using molten iron or steel at different temperatures, with one tuyere 

installed in the MgO-C or burnt MgO refractory to form tuyere-refractory assemblages [2, 

7]. The results showed that when the nominal velocity of the injected Ar or N 2 gas was 

very near to the sound velocity or the nominal Mach number, M * ' , near to one, the wear 

rate of the MgO-C bricks, Wr, was high and the radius of deep wear area of the bricks, 

RDA, was large. These brick wear parameters decreased at M*'>1. The RSA defined for 

the radius of the shear wear zone with smaller wear depth outside and around the deep 

wear area was changed similarly to the RDA- and Wr-values. Based on the results and 

related information [8-14], a bubble expansion wear mechanism was suggested for tuyere 

refractory [7]. By using the derived equations the RDA- and RSA-values can be estimated 

for choosing the distance between tuyeres in the multiple-tuyere plugs. 

Effects of tuyere interaction on the wear of the plug refractory should also be determined 

in order to further understand wear mechanisms for the multiple-tuyere plugs. The 

interaction may be induced by overlaps of the estimated deep or shear wear area for the 

neighbouring tuyeres. In the present study both single- and double-tuyere wear tests were 

performed, using test conditions similar to those used in [2]. The test results obtained will 

be discussed by referring to the bubble expansion wear mechanism [7] and the related 

information in literature. 
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2. E X P E R I M E N T A L 

2.1. The test set-up 

For double-tuyere wear tests, cf the schematic set-up in Fig. 1, two tuyeres were installed 

upright at the crucible bottom and the tips of the tuyeres flush with the top surface of the 

refractory brick. The dimension and the Ar gas flowrate for the two tuyeres used in a test 

were the same and each tuyere had its own system for the gas supply and for measuring 

and controlling parameters for the gas injection. The construction of tuyeres used in the 

previous [2, 7] and present tests was the same. 

Through each test brick two holes were drilled along the brick central line, with the 

distance between the hole centres chosen according to the designed distance between 

tuyere centres (DTC) and with an equal distance from each hole centre to brick centre. 

12 

1. Furnace coil assembly 
2. Crucible made of A I 2 O 3 castable 
3. Metal bath with a weight of 16 kg 
4. Tuyeres with a designed distance 

between their centres 
5. Tuyere gas inlet 
6. Thermocouple 
7. Crucible pedestal 
8. Tested refractory brick 
9. Ceramic fiber felt 
10. Graphite section of lower lid 
11. Refractory section of lower lid 
12. Upper refractory lid 
13. Insulation material. 

Fig. 1 - Set-up for the double-tuyere wear tests. 

The values of distance between tuyere centres, DTC, used in the tests were chosen by 

taking account of the values of the wear zone radii measured in the previous study [2, 7]. 

Actual distances between adjacent steel pipes set in DPPC plugs (DPP is short for direct 

porosity plug.) used for oxygen converters in the steelmaking plant of SSAB Tunnplåt AB, 

Luleå works and distances for neighbouring tuyeres found in existing literature [1 ,3] were 

also referred to in the choice of the DTC values. 
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A hole was drilled through the centre of bricks for single-tuyere wear tests, which served 

as control tests. For both the double- and single-tuyere wear tests the diameter of tuyere 

hole was exactly the same as the tuyere outer diameter. The tuyeres could then be 

installed without using cement. 

The refractory part of a DPPC plug, with its properties listed in Table 1, was core-drilled 

or sawed to obtain test bricks either with diameter 103 mm or with the shape similar to an 

octagon. The height of the bricks was approximately 30 mm. Between the refractory brick 

and the crucible bottom, c/Fig. 1, there was only a layer of ceramic fiber felt, instead of 

the castable plate used in the previous wear tests [2]. 

Table 1. Magnesia analysis and physical properties of the 

DPPC-Plug refractory according to the plug manufacturer. 

Refractory type MgO-C 

Bonding resin 

Metal adding 2% Al 

Residual carbon % 14 

Analysis of synthetic magnesia (%) : 

MgO 97.0 

Fe2Ü3 0.3 

A 1 2 0 3 0.2 

CaO 1.8 

S i 0 2 
0.5 

Physical data : As delivered/After A. S. T. M . coking 

(coked at 1000 °C for 5-6 hours) 

Bulk density (g/cm3 ) 2.92/2.87 

Open porosity (%) <6/<12 

Cold crushing strength (N/mm 2) >30/>20 

Specific heat (kJ/kg-K) 0.95 

2.2. The procedures for the wear tests 

Just as the induction power was turned on an Ar gas flowrate of 10 Nl/min was supplied to 

each tuyere until the test temperature for the steel bath, 1550 °C, had been reached, after 

which the gas flowrate was adjusted to the designed value and the testing phase began. The 

time for smelting the charged metal and rising the steel temperature was approximately 

one hour. The time for the testing phase was about 6 hours in which the steel temperature 

of 1550 °C and the designed gas flowrate were maintained. A l l other details on procedures 

for preparing and performing the present double- and single-tuyere wear tests as well as 

retrieving the tested bricks were similar with those described in [2]. 
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3. R E S U L T S AND DISCUSSION 

3.1. Macroscopic examinations of tested bricks and brick wear results 

Top surface for the brick from test D l is shown in Picture 1 and the surface as well as a 

cross-section of the brick are shown schematically in Fig. 2. 

Three zones can be observed, cf Fig. 2, on surfaces of some of the bricks from the double-

tuyere tests: 

1. Zone of heavy wear - The zone surrounds the tuyere towards which the wear depth, 

WD, increases due to losses of both brick matrices and agglomerates of different sizes and 

with some of the remaining bigger agglomerates largely exposed (cf Picture 1). The values 

of WD in the zone are larger for tests with 12 mm DTC (distance between tuyere centers) 

and 10 Nl/min gas flowrate for each tuyere than those for other tests. 

2. Zone of light wear - The zone surrounds the zone of heavy wear with losses of some of 

brick matrices and agglomerates of small size. 

3. Zone nearly unaffected by gas injection - The zone, clearly seen from Picture 1, is near 

to the brick edge with some coverage of white-coloured substance. 

It is observed that for test D3 with 50 mm DTC (distance between tuyere centers) the 

heavy and light wear zones for each tuyere are separated from the wear zones of another 

tuyere by a slightly affected narrow zone and both the heavy and light wear zones of a 

tuyere are similar to an ellipse with the minor axis parallel to the line of DTC. When DTC 

is reduced to 35 mm (test D2) the light wear zone of each tuyere not only encircles the 

heavy wear zone of the same tuyere, but also overlaps with the light wear zone of another 

tuyere. There are, hence, two separated, heavy wear zones within one light wear zone for 

test D2. For the test of DTC 24 mm (test D5) and tests of DTC 12 mm (test D l , D l ' , D4 

and D6), there is only one light wear zone outside one heavy wear zone on the brick 

surface and both the heavy and light wear zones resemble an ellipse with the major axis 

along the line of DTC. 

The wear depth, WD, was measured at points near to the tuyere, e and f, and at the middle 

point between the tuyeres, g, cf drawing B of Figure 2. The average value of e and f was 

divided by the test time to obtain Wr, the brick or tuyere wear rate in mm/hour. For the 

single-tuyere wear tests the RSA, RDA and WD were measured and the Wr values were 

calculated in the same way as described in [2]. 
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Ptcture 1 - Top surface of the brick after test D l : DTC is 12 mm, Ar flowrate for 

each tuyere 10 Nl/min, testing time 7 hours, steel temperature 1550 °C. 

The zone number: unaffected by gas injection. 

I ' * T ° f
 h 7 * T ™ T a n d f l -To Parameters for measuring the size for the zone 

wea,!^nVd!XrrleS for measuring the size for the zone of Ught wear, e, f and g: 

Parameters for measuring the wear depth (WD). 

Fig. 2 - Schematic drawings for top surface (A) and cross-section (B) of D l brick. 
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Parameters a and b as well as c and d were measured, with the tuyere centre as the starting 

point (cf drawing A of Figure 2), for each tuyere and, then, averaged to obtain one set of 

parameters for each test. For bricks from the double-tuyere test D l , D l ' , D4, D5 and D6, b 

and (0.5DTC + a) were assumed, respectively, to be the semi-minor and semi-major axes 

and used to calculate the area values for the elliptic, heavy wear zones, b and a were used 

as the semi-minor and -major axes of the bricks from test D2 and D3, with two separate 

heavy wear zones. 

Table 2. Parameters and measured brick wear results for the 1550 °C wear tests. 

Parameter Parameter values and results for the wear tests 

Name Unit Dl Dl' D5 D2 D3 D4 D6 D7 D8 D9 
Tuyere i.d. mm 2.0 2.0 2.0 2.0 2.0 0.8 0.8 2.0 0.8 2.0 

Test time hour 7 6 6 6 6 6 6 6 6 6 

D T C mm 12 12 24 35 50 12 12 

Tuyere Ar 
flowrate * 

Nl/min 10 10 10 10 10 10 5 20 10 10 

Tuyere M * ' 0.13 0.13 0.13 0.13 0.13 0.82 0.41 0.26 0.82 0.13 

Steel [C] % 0.38 0.63 0.61 0.70 0.74 0.62 0.50 0.54 0.69 0.52 

Steel [S] % 0.02 0.03 0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.03 

e 4.13 4.8 1.35 1.8 1.94 3.7 2.8 
Wear f 

mm 
5.07 6.1 1.5 1.8 1.64 4.3 2.3 

depth g 
mm 

5.02 4.9 0.5 1.55 0 3.64 1.28 

WD 4.2 2.8 2.1 

Wear rate Wr mm/hour 0.66 0.91 0.24 0.30 0.30 0.67 0.43 0.7 0.47 0.35 

Number of heavy/deep 1 1 1 2 2 1 1 1 1 1 

wear zone/s light/shear 1 1 1 1 2 1 1 1 1 1 
Heavy a mm 8 6 12 12.3 8.4 7 4.5 

or deep b mm 10 8 16 14.2 13.4 10 6 

wear RDA mm 8 11.5 7 

zone Area mm2 440 302 1206 549 354 408 198 201 415 154 

Light c mm 29.5 30 25 22.7 20.1 31.2 18.5 
or shear d mm 33.8 31 29 27 29.3 31.7 24 

wear RSA mm 29.6 26.5 24 

zone Area mm2 3770 3506 3371 3410 1850 3705 1847 2753 2206 1810 

*- For the double-tuyere tests the tuyere Ar flowrate is the flowrate used for each tuyere. 

The elliptic area of light wear zones for all bricks from the double-tuyere tests was 

calculated by using d and (0.5DTC + c ), respectively, as the semi-minor and -major axes, 

except for the brick from test D3 for which d and c were used as the semi-axes to compute 

the area for each of the two separate elliptic light wear zones. The deep and shear wear 
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area for bricks from single-tuyere tests were calculated by using, respectively, the RDA 

and RSA values. 

The measured wear parameters and the calculated area values for the wear zones are listed 

in Table 2. The steel [C] and [S] shown in Table 2 are averaged values at test beginning 

and end [2]. 

3.2. The overlap of the deep wear area and its effect on brick wear rate 

X Single-tuyere (D8) A Double-tuyere (DTC=12 mm) | 

— , , 1 1 , 1 1 1 1 1 

A 
D4 

X 

D6 

_ j i I i 1 1 . 1 1 1 

5 10 

Ar flowrate for one tuyere (Nl/rrrin) 

Fig. 3 - Wear rate of bricks from the single- and double-tuyere tests with tuyeres 

of i.d. 0.8 mm versus Ar flowrate for one tuyere. Test codes are shown 

below the data points. 

The radius of deep wear area, RDA, measured for the single-tuyere test D8 with 0.8 mm 

tuyere i.d. is 11.5 mm, cf Table 2. I f the DTC value is less than two times the RDA value for 

single tuyere (DTC<2RDA), as in the case for the double-tuyere test D4, the tuyeres wil l 

interact with an overlap of the deep wear zones. The overlap results in a uniform deep wear in 

the region between the two tuyeres for test D4, indicated by similar e, f and g values in Table 

2. A higher wear rate, Wr, for D4 than that for D8, the single tuyere test with 10 Nl/min gas 

flowrate, is also seen in Figure 3. A reduction of tuyere gas flowrate from 10 to 5 Nl/min as in 

test D6 leads to a lower Wr than that for D4. The values of parameter e and f are higher than g 

for D6, cf Table 2, which indicates that wear in the region between tuyeres is also less for D6 

0,8 

I 0.7 

3 0,5 

'(§ 0,4 

0,3 
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than that for D4. By reducing the gas flowrate both RDA and RSA are decreased [2, 7], which 

reduces the degree of tuyere interaction and, hence, the brick wear. 

For the double-tuyere wear tests D l and D l ' with a tuyere distance of 12 mm, a nearly 

uniform deep wear was also observed in the region between the tuyeres, cf Table 2, as the 

distance between tuyeres is less than two times the RDA value found from the single-

tuyere test D9. It is also seen in Figure 4 that Wr values for D l and D l ' are higher than 

those for the other double-tuyere tests with the tuyere distances greater than 24 mm and for 

the single-tuyere test D9. 

A Single-tuyere V Single-tuyere A Double-tuyere 

(10 Nl/min) (20 Nl/min) (10 Nl/min) 

_ 

i j T r n j i ' ' ' i 1 ' 1 1 ' I I I I 

_ A _ 

- D l ' -

- V 
A 

_ 

D7 
D l 

• 

D7 
D l 

-
A 

-

- D9 A A -
A D2 D3 
D5 

-

-
• i 1 . . . r . . . . i , , . i .... i ... . i i . . i • 

1,0 

0,9 

0,8 

0,7 

0,6 

0,5 

0,4 

0,3 

0,2 

0,1 

0,0 
0 5 10 15 20 25 30 35 40 45 50 

DTC, distance between tuyere centres (mm) 

Fig. 4 - Brick wear rate versus DTC for tests with tuyeres of i.d. 2.0 mm. The Ar 

flowrate for a tuyere is shown in parentheses in the legend and test codes 

are shown below the data points. 

The Wr values for the tests with DTC>24 mm are similar to that for the single-tuyere test 

D9. In all these tests an Ar flowrate of 10 Nl/min and an i.d. of 2 mm are used for one 

tuyere. The Wr values for the double-tuyere tests, D l and DT, are similar to that for the 

single-tuyere test D7 using a flowrate of 20 Nl/min. The results show that with 

DTC<2RDA the brick Wr wi l l be similar to or even higher than that for a single tuyere 

using a flowrate equal to the total flowrate for the double-tuyere tests. The brick wear rate 

wil l not be increased due to the tuyere interaction if the distance between tuyeres is greater 

than two times the RDA value. 
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3.3. The overlap of shear wear zones and its effect on values of wear area 

The shear wear area of one tuyere wil l overlap with that of another tuyere if the distance 

between tuyeres, DTC, is less than twice the radius of the shear wear zone, RSA, measured 

for a single-tuyere. The RSA value is 24 mm for test D9 using one tuyere of 2 mm i.d.. For 

the double-tuyere tests with 2 mm tuyere i.d. and DTC<2RSA, as shown by Figure 5, 

values of the elliptic area of light wear zones are even larger than the round area of shear 

wear zone obtained in test D7 using a single-tuyere and an Ar flowrate of 20 Nl/min, equal 

to the total flowrate for the two tuyeres in the double-tuyere tests. The light wear zones are 

separated by a nearly unaffected narrow zone on the surface of the brick from test D3 and 

the area value of the wear zone for each tuyere in D3 is very close to the shear area value 

for test D9 as shown in Table 2. This indicates that i f the distance between tuyere centres 

is close to twice the radius of the shear area or DTC>2RSA the wearing effects of tuyere 

interaction can be eliminated. 

V Single-tuyere (20 Nl/min) Double-tuyere (10 Nl/min) 

c 
o 

4000 
;—•—r— 

3750 A _ 

Dl • 

3500 A -

Dl ' 

3250 ds D 2 : 

3000 '-

2750 - V -

: 0 7 

2500 
i 

0 10 20 30 40 

DTC, distance between tuyere centres (mm) 

- Light or shear wear area (mm 2) for single- and double-tuyere tests 

distance between tuyere centres, DTC. Ar flowrate for a tuyere is shown in 

parentheses in the legend and test codes are shown below the data points. 
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3.4. Estimations of tuyere interaction 

3.4.1. Model calculation of the wear zone geometry 

The bubble expansion wear mechanism [7] connects the process of bubble growth in two 

stages at a tuyere [13, 14] to the wear agents for tuyere refractory. The deep refractory 

wear near a tuyere is attributed to the hemispherical bubble growth or expansion in the 

early stage with high pressure pulse. The bubble expansion also pushes out surrounding 

liquid which exerts higher shear stress on the surface. In the later expansion stage the 

bubble further pushes out the liquid which shears the outer surface with a lower stress until 

the bubble detaches from the surface in a spherical form. The RDA values can thus be 

related to values of a, the maximum radius of the hemispherical bubble, and RSA values to 

values of r, the radius of the spherical bubble at detachment. Equations (l)-(4) [2, 7] have 

been derived for calculating values of estimated RDA and RSA, labelled as RDA* and 

RSA*, by using either the gas flowrate V go or the nominal Mach number, M* ' , for a tuyere 

[7]. 

RDA*= 0.45 ( ^ — V„o) 0 ' 4 S~°'2 (M*'<1) (l-a) 
pat+PL8h TR 

RDA*= 0.45 ( M * - ) 0 - 4 ( ^ k Z L ^ ^ ( M + J l >0.2 ( M , . < 1 } ( 1 . b ) 

Pgo TR Z G K 1 ° 

P T 
RSA*= 0.64 ( - ^ — -Z- V Q ) 0 A g-°-2 (M*'<1) (2-a) 

Pat+PLSh TR

 S 

RSA*= 0.64 (M*')°- 4 {^oEüL I t f A ( M ^ ± ü )0-2 ( M * < 1 } ( 2 . b ) 

PgO TR 2gRT0 

( P f l r + P L ^ ) A o ( M ± i ) ) I ( M = 1) (3) 

(T0t 
' " - 1 v 2R 

M 

1 
m _ VgoPgQ _ ^ o P ^ o ^ o ) 2

 ( 2R Jr 
m* ~ m -(Pat+pLgh)^ k(k + l) > W 
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The following values for constants are used in calculations of the M * ' values listed in Table 2 

by using Eqs. (3) and (4) [2]: k = 1.67, h = 0.15 m, R = 208.13 J/kg K, T 0 = 293 K, p so =1.662 

kg/m 3 , pi = 7000 kg/m 3. The stagnation temperature for the gas, T 0 , in Eqs. (1-b), (2-b), (3) 

and (4) is assumed to be equal to T R , the room temperature [2]. In the previous study [7], it 

was considered reasonable to assume TY=T a in Eqs. (l-a) and (1-b) for the hemispherical 

bubble with T a obtained by averaging over the room and bath temperature. The temperature of 

metal bath, T B , was approximated to T T , the temperature for the detached spherical bubble in 

Eqs. (2-a) and (2-b). 

The RDA* and RSA* values computed by Eqs. (1) and (2) and the gas flowrate for one tuyere 

of the present tests are given in Table 3. The RSA* values are rather close to the RSA values 

measured for the single-tuyere tests D7, D8 and D9 shown in Table 2, indicating a good 

applicability of the bubble expansion wear mechanism [7]. The calculated RDA* values are 

however somewhat higher than the measured RDA values, probably due to the low tuyere M*' 

values for the tests. 

Table 3. The RDA*, RSA* and wear zone area for a tuyere in present tests. 

Ar flowrate for a tuyere Wear zone radii Wear zone area 

Test code 
Vgo v T a v T B 

RDA* 

or a 

RSA* 

or r 

Deep 

wear 

Shear 

wear 

Nl/min cm3/s cm3/s mm mm mm 2 mm 2 

D6 5 273.2 470.8 10.8 18.9 366.4 1122.2 

D l , D l ' , D2, D3, 

D4, D5, D8, D9 
10 546.5 941.6 14.2 24.9 633.5 1947.8 

D7 20 1092.9 1883.1 18.8 32.9 1110.4 3400.5 

In the table: V g o - volumetric gas flowrate at 293 K and atmospheric pressure. 

V T A - gas flowrate obtained by using V g o and T A ( T A =1058 K) for calculation of 

RDA*. V T B - gas flowrate obtained by using V g o and T B ( T B =1823 K) for 

calculation RSA*. 

4.4.2. Tuyere interaction and values of RDA* and RSA* 

The calculated values of RDA* and RSA* may be used to characterise the tuyere 

interaction when the measured values of RDA and RSA are not available. The area of the 

elliptic, heavy wear zone for double-tuyere test D5 is much larger than that for tests D l 

and D l ' as seen in Table 2. The calculated value of RDA* is 14.2 mm for each tuyere in 

test D5 and the tuyere distance for the test is 24 mm. The value of DTC for D5 is thus less 

than two times of RDA*, which leads to an overlap of border parts of the zones for the 

hemispherical bubbles expanding from the two tuyeres. By this overlap the area of the 

heavy wear zone rather than the brick wear rate is increased notably for test D5. With 

DTC<2RSA* the zones for the spherical bubble expansion overlap and the area of light 
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wear zone is also enlarged, cf Figure 5. The cause for the enlargement of the light wear 

zone may be deformations of the spherical bubbles due to the overlap. 

By combining the bubble expansion wear mechanism and the present test results it can be 

concluded that RDA*, the same as RDA, is the most important parameter for estimating 

the tuyere interaction. The wear rate for the refractory near tuyeres, Wr, wi l l be increased 

if the tuyere distance is less than twice the RDA*. At DTC>2RDA* the influence of tuyere 

interaction on the brick wear rate can be ignored. I f it is impossible to increase the tuyere 

distance, gas flowrate or inner diameter should be reduced for the tuyeres. A value of 

RDA* less than or equal to 0.5DTC can be obtained by reducing the flowrate or the 

diameter, thus avoiding the overlap of the zones for the hemispherical bubble expansion 

and eliminating the effects of tuyere interaction on the Wr. At DTC<2RSA* the area for 

the light or shear wear zone encircling the interacting tuyeres wil l be larger than the shear 

area for a single-tuyere using the total flowrate used by the interacting tuyeres. When the 

tuyere distance is greater than two times RSA*, mechanical wearing effects on brick 

matrix of tuyere interaction wil l be eliminated and each tuyere set in the refractory can 

hence be regarded as a single or free tuyere. 

The above discussion on the bubble expansion mechanism and the overlap of the 

expansion zones for the bubbles formed from adjacent tuyeres should also be applicable i f 

gases other than the inert ones are injected through the tuyeres. Values of a and r for the 

bubbles formed by oxidizing gases can also be calculated by Eqs. (1) and (2). 

4. CONCLUSIONS 

Values of radii for the deep and shear wear zones, RDA and RSA, measured from single-

tuyere wear tests can be referred to in estimating influences of tuyere interaction on wear 

parameters of the refractory for multiple-tuyere plugs used for stirring the BOF. I f the 

distance between two tuyeres in the plug, DTC, is less than twice the RDA the refractory 

wear rate near the tuyeres, Wr, wi l l be high or near to that for one tuyere using a gas 

flowrate equal to the sum of flowrates for the two interacting tuyeres. Tuyeres interacting 

with only an overlap of the shear wear zones or DTC<2RSA results in an elliptic shaped 

light or shear wear zone, enclosing the tuyeres and with an area larger than that for a 

single-tuyere using the total flowrate for the interacting tuyeres. No interaction occurs 

when the tuyere distance is greater than two times the RSA-value. The tuyere gas flowrate 

or diameter should be reduced to give lower values of radii for the deep and shear wear 

zones for reducing the detrimental effects of tuyere interaction, i f the tuyere distance 

cannot be increased. When the data for the wear zone radii, RDA and RSA, are not 

available, values of RDA* and RSA* calculated by using equations derived from the 

bubble expansion wear mechanism can be used to characterise the effects of tuyere 

interaction. 
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L I S T O F S Y M B O L S 

a maximum radius of the initial hemispherical bubble. 

Ao cross-sectional area of the tuyere (m 2 ) 

g acceleration due to gravity (m/s2) 
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h height of liquid bath (m) 

k ratio of specific heats 

m* critical mass flowrate (kg/s) for a tuyere when M is just one 

m mass flowrate of the injected gas (kg/s) 

M local Mach number of the gas 

M * ' nominal Mach number 

Pat atmospheric pressure (101325 N/m 2 ) 

v T a gas flowrate obtained by using V g o and T a (Ta =1058 K) for a or RDA* calculation, 

V T B gas flowrate obtained by using V g o and T B (TB =1823 K) for r or RSA* calculation 

r bubble radius at the instant of tangential contact or detachment 

R specific gas constant of a particular gas (J/kg K) 

T a 
T A = ( T R + TB) /2 , average temperature for the gas in the hemispherical bubble 

T B 
temperature for liquid bath 

To stagnation temperature for the gas, T 0 is assumed equal to 293 K 

T R room temperature, T R = 293 K 

T T gas temperature during test, 

Vgo volumetric gas flowrate at 293 K and atmospheric pressure (m3/s), 

p

Ä o gas density at 293 K and atmospheric pressure (kg/m 3 ). 

PL liquid density (kg/m 3 ) 

A B B R E V I A T I O N S 

BOF basic oxygen furnace 

cf compare or confer 

DTC distance between tuyere centres 

i.d. tuyere inner diameter (mm) 

Nl/min gas flowrate at the temperature of 293 K and pressure of 1.013 bar in litre/minute 

RDA radius of deep wear area for tested brick (mm) 

RDA* estimated RDA calculated by Eq. (1) 

RSA radius of shear area for tested brick (mm) 

RSA* estimated RSA calculated by Eq. (2) 

WD brick wear depth 

Wr brick wear rate obtaied by dividing WD with test time 
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