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ABSTRACT 15 

A quantitative evaluation method for the magnesia refractory deterioration in the smelting 16 

process is proposed based on analysis of static and rotating finger tests to study the dissolution 17 

behavior. A transient 3D fluid-solid coupled numerical model was then developed, including the 18 

two-phase gas/slag flow pattern, temperature profile, MgO content distribution, solid refractory 19 

dissolution, and sample shape change. A kinetic degradation model was introduced to calculate 20 

the refractory overall wear rate determined by the coupled effect of the flow-induced erosion and 21 

chemical-induced corrosion. The shape change of the solid refractory sample was characterized 22 

via the dynamic mesh technique. A close correlation between the simulated results and the 23 

experimental data gives confidence in the fundamental validity of the developed numerical model. 24 
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The results indicate that the flow would increase the overall wear rate by one or two orders of 25 

magnitude depending on the velocity. Therefore, flow-induced erosion must be accounted for in 26 

estimating the refractory wear rate. The flow-induced erosion and chemical-induced corrosion 27 

could be quantified via the wall shear stress and a modified Arrhenius’s law, respectively. 28 

 29 

KEYWORDS: degradation behavior; magnesia refractory; slag-refractory reaction; numerical 30 

simulation. 31 

32 
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NOMENCLATURE 33 

,p gc   specific heat of argon gas at constant pressure (J/(kgK)) 34 

,p rc   specific heat of refractory sample at constant pressure (J/(kgK)) 35 

,p sc   specific heat of molten slag at constant pressure (J/(kgK)) 36 

d   characteristic length of refractory sample (m) 37 

MgO, rD  diffusion coefficient of MgO in refractory sample (m2/s) 38 

MgO, sD  diffusion coefficient of MgO in molten slag (m2/s) 39 

Ea   activation energy of magnesia refractory (J/mol) 40 

E   internal energy of mixture liquid phase (J/m3) 41 

stF   interface tension (N) 42 

rh   sensible enthalpy of refractory sample (J/kg) 43 

,T effk  effective thermal conductivity of mixture liquid phase (W/(mK)) 44 

,T rk  thermal conductivity of refractory sample (W/(mK)) 45 

,w effk  effective coefficient used in Eq. [11] 46 

L   penetration depth of molten slag to refractory sample (m) 47 

rn   unit normal vector to fluid-solid interface in refractory sample 48 

sn   unit normal vector to fluid-solid interface in molten slag 49 

p   pressure (Pa) 50 

R   universal gas constant (J/(molK)) 51 

wR   overall wear rate (kg/s) 52 

tSc   turbulent Schmidt number 53 

T   temperature (K) 54 
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refT   reference temperature (K) 55 

t   time (s) 56 

cellV   volume of computational cell (m3) 57 

v   velocity of mixture liquid phase (m/s) 58 

mv   velocity of moving mesh (m/s) 59 

MgO, rw  MgO mass fraction in refractory lining (%) 60 

MgO, sw  MgO mass fraction in molten slag (%) 61 

GREEK SYMBOLS 62 

   volume fraction of molten slag 63 

   contact angle between molten slag and refractory sample (º) 64 

   dynamic viscosity of mixture liquid phase (Pa·s) 65 

s   dynamic viscosity of molten slag (Pa·s) 66 

t   turbulent viscosity (Pa·s) 67 

   density of mixture liquid phase (kg/m3) 68 

g   density of argon gas (kg/m3) 69 

r   density of refractory sample (kg/m3) 70 

s   density of molten slag (kg/m3) 71 

   interface tension coefficient (N/m) 72 

   wall shear stress (Pa) 73 

t   high temperature torsional strength of refractory sample (Pa) 74 

   porosity of refractory sample 75 

   tortuosity of refractory sample 76 

   physical property of mixture liquid phase 77 
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g   physical property of argon gas 78 

s   physical property of molten slag 79 

80 
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I. INTRODUCTION 81 

Magnesia (MgO) and magnesium oxide-containing refractory materials are widely used in 82 

various high-temperature process industries such as metal production and glass industries due to 83 

their high-temperature resistant properties.[1-3] As they can basically maintain their strength at 84 

high temperature, these refractory materials are applied to adhere structural components within 85 

the high-temperature reactors, without the risk of collapse.[4-6] However, damage to the reactor 86 

linings would occur because of flow-induced abrasion and chemical-induced corrosion, especially 87 

in the steelmaking process.[7,8] The high density molten steel carries a great amount of momentum 88 

which promotes flow-induced abrasion. In addition, molten oxides, also named molten slag, are 89 

employed in the steelmaking process, giving rise to chemical-induced corrosion. 90 

The wear of refractory materials reduces the lining service life and harms the steel quality, 91 

because exogenous inclusions would be introduced in molten steel from the dissolution of the 92 

refractory.[9-11] Furthermore, the exogenous inclusions are often larger than endogenous inclusions 93 

of oxides and sulfides creating defects in steel products and sometimes causing the nozzle 94 

clogging.[12] Therefore, the degradation of refractory lining must be strictly monitored to maintain 95 

the refractory’s strength in the steelmaking processes for product quality improvement.[13] 96 

Due to the hostile environment in actual steelmaking processes, observing the lining running 97 

condition and measuring the lining wear rate with acceptable accuracy is problematic. With the 98 

development of numerical techniques and computational resources, the computational fluid 99 

dynamics (CFD) approach has become a powerful alternative tool for analyzing the wear 100 

behavior of the refractory lining in actual smelting processes.[14-17] It was reported that the 101 

refractory lining erosion created by the molten steel flow could be numerically studied. The 102 

complicated flow pattern and temperature map were first analyzed using the appropriate turbulent 103 

and heat transfer models. The calculated wall shear stress was employed to predicate the 104 

refractory lining erosion rate. Besides, the shape change of the refractory lining was also 105 

estimated by a fluid-solid-coupled model according to refractory properties such as the Young 106 

Modulus and Poisson’s ratio.[18] Moreover, the resultant exogenous inclusion formation and 107 
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evolution were studied using the Euler-Lagrange approach.[18] However, the refractory lining 108 

corrosion generated by the molten slag was investigated through high-temperature experiments 109 

and thermodynamic calculation instead of numerical simulation.[19] The laboratory static and 110 

rotating finger tests were widely employed to study the interaction between the refractory and 111 

molten slag.[20] The dissolution and microstructure change of the refractory, and the newly formed 112 

exogenous inclusion were observed using a scanning electron microscope, while the component 113 

distribution was detected using X-ray fluorescence. However, the laboratory experimental results 114 

are hard to directly relate to industrial applications because the experimental conditions differ 115 

from those in industrial production. Moreover, no quantitative description of the laboratory test 116 

results has been developed yet.[21] Several kinetic models were established with the simplified 117 

consideration of fluid flow and heat transfer.[22-24] These studies, however, focused on the 118 

variation of composition and microstructure near the slag/refractory interface but not on the 119 

overall corrosion rate of the refractory lining, which has a considerable effect on the structural 120 

design of metallurgical vessels. The general corrosion rate of the refractory lining is a 121 

time-dependent variable influenced by the refractory and slag compositions, as well as by the 122 

flow and heat transfer. Investigating the dissolution behavior of sintered MgO and commercial 123 

MgO-C and MgO-Cr2O3 refractories in a synthesized 50CaO-45Al2O3-5SiO2 (mass%) molten 124 

slag has been carried out in a previous study.[25] The refractory sample was immersed into the 125 

molten slag with 1773 K (1500 °C) heating and bottom-blowing stirring gas. The results indicated 126 

that the dissolution rates of all the refractory samples grew as the stirring gas flow rate was 127 

increased from 25 to 75 mL/min. The rotating cylinder technique was adopted to study the flow 128 

effect on the dense magnesia specimen dissolution in the CaO-Al2O3 slag. The forced convection 129 

and temperature strongly affected the refractory sample dissolution rate. Moreover, the 130 

dissolution was controlled by mass transfer in the molten slag, especially the diffusivity of 131 

MgO.[26-28] 132 

As discussed above, it is hard to find a numerical simulation of the chemical-induced corrosion 133 

on refractory which could comprehensively consider the composition, flow and temperature 134 
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effects. The authors were therefore motivated to conduct static and rotating finger tests to clarify 135 

the magnesia refractory damage behavior. Based on the experimental results, a transient 3D 136 

fluid-solid coupled numerical model was developed to describe the evolution of the flow, 137 

temperature profile, and compositional concentration distribution. The shape change of the solid 138 

refractory sample over time was also clarified. Variations of the component concentration and 139 

refractory sample shape and mass loss were carefully compared between the experiment and 140 

simulation for model validation. The proposed numerical model is believed to be applicable to 141 

study various refractory lining damage scenarios in industrial-scale metallurgical units. 142 

II. EXPERIMENTS 143 

A. Refractory Sample and Slag Preparation 144 

The refractory sample was prepared in the laboratory using magnesite powder (Liaoning 145 

Magnesite Materials Co., Ltd., China), which was a powder mixture from five different particle 146 

size groups (0-0.088 mm, 0.088-1 mm, 1-3 mm, 3-5 mm, and 5-8 mm). Besides, reagent grade 147 

MgO powder, dispersing agent, and water were added to the refractory sample. The exact 148 

proportion of each raw material is displayed in Table I. The initial MgO concentration of the 149 

refractory was around 97%, because the refractory castable also contained tiny amount of 150 

impurities such as calcium oxide and silicon oxide. These raw materials were first fully vibratory 151 

mixed and poured into a 25 × 25 × 125 mm steel mold. The castable was then cured at 293 K 152 

(20 °C) for 24 h and another 24 h at the same temperature after demolding. To remove moisture, 153 

the sample was dried at 383 K (110 °C) for 24 h and sintered at 1823 K (1550 °C) for 3 h.[26] 154 

Table I. Preparation formula of the refractory sample (wt. %) 155 

Magnesia particle MgO powder 

(<0.088mm) 

Dispersing 

agent 

Extra 

water 8-5mm 5-3mm 3-1mm 1-0mm <0.088mm 

10% 27% 18% 17% 23% 5% 0.2% 4% 

A typical tundish covering slag was prepared using analytical reagents including CaO, Al2O3, 156 

SiO2, and MgO (Sinopharm Chemical Reagent Co., Ltd., China), as shown in Table II. After 157 

mechanical mixing, the slag powder was kept for 12 h at 1273 K (1000 °C) in a graphite crucible 158 

and then pre-melted at 1773 K (1500 °C) for 30 min using an electrical resistance furnace.[29] 159 
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Table II. Initial composition of molten slag (wt.%) 160 

CaO Al2O3 SiO2 MgO 

45.00 40.00 5.00 10.00 

B. Experimental Setup and Procedure 161 

Fig. 1 shows a schematic of the experimental device. The sintered magnesia castable was 162 

machined into a 25 × 25 × 62 mm sample. The sample was then dried at 383 K (110 °C) for 24 h 163 

to remove moisture. To keep the sample stable in the rotating process, a molybdenum bar, which 164 

could provide enough rigidity at high temperature, was used to connect the cuboid-shaped 165 

refractory sample and the stirring motor. A measured quantity of 100 g pre-melted slag was first 166 

held at 1273 K (1000 °C) in a muffle furnace to remove moisture and placed inside a graphite 167 

crucible (inner diameter of 60 mm and internal height of 90 mm). Once the required temperature 168 

(1833 K (1560 °C)) was reached, the crucible holding the slag was placed in the constant 169 

temperature zone in the tube. The refractory sample was placed within the molten slag and 170 

remained stationary or rotated at a constant speed. To prevent oxidation, a constant flow of 171 

high-purity argon gas at a rate of 0.3 L/min was maintained during the entire experiment. After 172 

the required reaction time, the sample was raised 5 cm above the crucible and rotated at a higher 173 

speed for 5 min to remove the molten slag adhering to the sample surface. The sample was finally 174 

taken out and cooled on a copper plate.[30-32] 175 

 176 

Fig. 1 – Experimental setup. 177 
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III. NUMERICAL MODEL 178 

A. Model Assumptions 179 

(a) The computational domain included both the fluid and solid. The fluid part involved the 180 

argon gas and molten slag, while the solid part only comprised the refractory sample. The 181 

graphite crucible was ignored. 182 

(b) The argon gas and molten slag were treated as an incompressible Newtonian fluid. 183 

(c) The density of the argon gas was treated as temperature-dependent, while all other 184 

properties were assumed to be constant. 185 

(d) Chemical compositions other than MgO were neglected as MgO is the crucial component 186 

of the magnesia refractory and significantly influences slag corrosion.[33] 187 

(e) The slag corrosion and the matrix dissolution that occurred inside the porous refractory 188 

after the slag infiltration were neglected.[34] 189 

(f) The delaminated refractory from the sample was assumed to dissolve in the molten slag in 190 

the liquid state, because the fluid-solid coupled algorithm and dynamic mesh method were 191 

adopted to track the shape change of the refractory sample. The reduced solid region was 192 

assumed to be filled with the same mass molten slag for avoiding mass non-conservation during 193 

the numerical solution. The volume of the molten slag thus could be determined according to its 194 

density. Noteworthy is that this assumption is quite different from the actual situation. The 195 

delaminated refractory fragments cannot be totally melted in the molten slag when the MgO 196 

content in the molten slag gradually approaches its saturation content in the experiment. Part of 197 

the delaminated refractory fragments would dissolve in the molten slag in the solid form, 198 

generating the exogenous inclusion. In the numerical simulation, however, it is not easy to 199 

represent these phenomena, because this involves the addition of the mass source term of the 200 

solid phase and the movement of the solid refractory fragment. 201 

B. VOF Method 202 

The volume of fluid (VOF) methodology was utilized to trace the motion of the interface 203 

between the gas and molten slag.[35] It uses a scalar α representing the volume fraction of molten 204 
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slag, which is between 0 and 1. The physical properties of the mixture phase, such as the density, 205 

viscosity, and thermal conductivity, are related to the volume fraction of each phase as follows: 206 

 1s g                                                                   [1] 207 

A single set of continuity, momentum, and energy equations was established and solved in the 208 

whole fluid part of the computational domain. Moreover, the scalar α was simultaneously updated 209 

at each time step. The gas and molten slag shared the calculated velocity field and temperature 210 

distribution. Besides, the interfacial tension between the gas and molten slag was assessed using 211 

the continuum surface force model with a constant interfacial tension coefficient.[36] The wall 212 

adhesion model was used to determine the contact angle between the molten slag and the 213 

refractory.[37] 214 

C. Fluid Flow and Heat Transfer 215 

The continuity and time-averaged Navier-Stokes equations were invoked to depict the turbulent 216 

flow:[15] 217 
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The dynamic mesh model, which could capture the shape changing of the computational 220 

domain with time, was adopted to describe the shape change of the solid region and the adjacent 221 

fluid region. The above two conservation equations on the control volume with a moving 222 

boundary can be written as in:
[38-40]

 223 
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where mv  is the velocity of the moving mesh. The right-hand side of Eq. [4] implies the 226 

dissolution of the solid refractory sample into the molten oxides giving rise to the mass increase 227 
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of the molten slag in unit volume. 228 

Since the damage of the refractory sample created by the turbulent flow is mainly determined 229 

by the wall shear stress, the shear-stress transport (SST) k-ω turbulence model was adopted for a 230 

better description. The SST k-ω turbulence model consists of the original Wilcox k-ω model and 231 

the standard k-ε model by a blending function, where the former applies to the flow in the wall 232 

vicinity. At the same time, the latter is more suitable for the flow within the fluid bulk. The eddy 233 

viscosity formulation was modified to account for the transport effects of the principle turbulent 234 

shear stress, yielding a highly accurate prediction of the turbulent shear stress transport. Besides, 235 

the refractory sample would get shorter with the dissolution, resulting in a weaker stirring and 236 

inactive fluid flow. 237 

The following energy conservation equation was solved to figure out the temperature 238 

distribution and was applied to both the fluid and solid regions:
[41]

 239 

In the fluid region: 
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where ,T effk  is the effective thermal conductivity. It is calculated as the sum of the natural 241 

thermal conductivity and turbulent thermal conductivity defined via the used turbulence model. 242 

E  is the internal energy of the mixture liquid phase defined via the two fluids’ specific heats and 243 

temperatures: 244 
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In the solid region: 
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where rh  is the sensible enthalpy of the refractory sample, which is defined as follows: 247 

,
ref

T

r p r
T

h c dT                                                             [9] 248 

For the same reason, the energy conservation equation on the control volume of the fluid 249 

region with a moving boundary can be expressed as in:
[42]

 250 
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The second term on the left-hand side of the above equation indicates the energy change 252 

induced by the fluid flow within the control volume, which can be neglected in the solid region. 253 

The energy conservation equation on the control volume of the fluid region with a moving 254 

boundary coincides with Eq. [8]. 255 

D. Refractory Wear Behavior 256 

The refractory sample wear inevitably occurs because of the flow-induced erosion and 257 

chemical-induced corrosion. The wear rate of the refractory sample can be derived as a combined 258 

effect of physical erosion and chemical corrosion:[43-50] 259 
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where   is the wall shear stress at the interface between the molten slag and the refractory 262 

sample, which represents the flow effect on the dissolution behavior, and t  denotes the 263 

high-temperature torsional strength of the refractory sample. Besides, L indicates the penetration 264 

depth of the molten slag into the refractory sample, which is related to the refractory sample 265 

porosity and tortuosity, the molten slag surface tension and viscosity, and the contact angle 266 

between the molten slag and refractory sample, while d is the refractory sample characteristic 267 

length. Noteworthy is that the refractory porous and tortuosity would change with the slag 268 

infiltration, because the slag corrodes the matrix inside the porous refractory after infiltration. 269 

However, the slag corrosion and matrix dissolution were ignored in the developed model as 270 

mentioned above. Therefore, constant refractory porosity and tortuosity were used. To get closer 271 

to the actual situation, the penetration depth was assumed to increase over time under continuous 272 

corrosion of the refractory sample. 273 

In the present model, the erosion and corrosion patterns were coupled rather than isolated. The 274 
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magnesia refractory corrosion activation energy Ea  used in Eq. [8] was measured in the 275 

laboratory test.
[51]

 276 

The MgO concentration difference between the molten slag and the refractory sample was 277 

regarded as the driving force of the refractory sample dissolution behavior. As mentioned above, 278 

the delaminated refractory fragments were assumed to be entirely melted in the molten slag in the 279 

whole experiment. A general transport equation was therefore utilized to describe the convection 280 

and diffusion of MgO in the molten slag:[52,53] 281 
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It should be noted that this assumption diverges somewhat from the facts, since part of the 283 

delaminated refractory fragments would dissolve in the molten slag in the solid form after MgO 284 

becomes saturated in the molten slag. This assumption is not realistic but significantly simplified 285 

the simulation. The above equation on the control volume of the fluid region with a moving 286 

boundary can be modified as follows: 287 
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where the second term on the right-hand side of the above equation implies the MgO content in 289 

the newly formed molten slag generated by the dissolved refractory sample. Besides, the 290 

diffusion of MgO in the refractory sample can be expressed as follows: 291 

In the solid region: 
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where the second term on the right-hand side of the above equation stands for the reduced MgO 293 

content in the refractory sample because of the dissolution. Since the MgO diffusion in the solid 294 

region would not be influenced by the fluid flow, the MgO transport equation on the control 295 

volume of the solid region with a moving boundary remained unchanged. 296 

E. Boundary Conditions 297 

Fig. 2 shows the computational domain with the exact dimensions. The detailed physical 298 
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properties and operating conditions used in the simulation are listed in Table III. The refractory 299 

sample inserted into the molten slag was treated as a solid region in the simulation, while the 300 

argon gas and molten slag were considered as the fluid region. The moving wall boundary 301 

condition was applied to the wall and bottom of the refractory sample with a 120 rpm rotation 302 

speed to simulate the rotating working condition. Besides, a coupled thermal state was used for 303 

the refractory sample wall and bottom, and the corresponding shadow wall and bottom of the 304 

fluid region to satisfy the heat flux continuity. As for the inner wall and bottom of the graphite 305 

crucible, a no-slip wall boundary condition with reasonable convection heat transfer coefficient 306 

was utilized. The top surface of the argon gas part was assumed to be the pressure outlet with a 307 

low pressure and a constant temperature. Furthermore, MgO was allowed to come across the 308 

solid-fluid interface, which flux was determined by the respective diffusion coefficients:[15] 309 
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r s

r s

r s

w w
D D

n n

 


 
                                                [16] 310 

 311 

Fig. 2 – Physical model of the computational domain. 312 

Table III. Physical Properties and Operating Conditions 313 

Parameter Value 
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Physical properties of air  

Density (kg/m3) 3080 

Apparent porosity (%) 12.7 

Thermal conductivity (W/m·K) 0.025 

Specific heat (J/kg·K) 1006 

Physical properties of molten slag  

Density (kg/m3) 2850 

Dynamic viscosity (Pa·s) 0.25 

Thermal conductivity (W/m·K) 0.15 

Specific heat (J/kg·K) 825 

Surface tension coefficient of molten slag (N/m) 0.54 

Contact angle between molten slag and refractory (º) 46.5 

Physical properties of argon gas  

Density (kg/m3) 1.63 

Dynamic viscosity (Pa·s) 4.2×10-5 

Thermal conductivity (W/m·K) 0.017 

Specific heat (J/kg·K) 525 

Thermal expansion coefficient (K-1) 3.4×10-3 

Operating conditions  

Inner diameter and height of crucible (mm) 60/80 

Rotation speed (rpm) 120 

Holding temperature (K) 1833 

IV. SOLUTION PROCEDURE 314 

The numerical simulation was carried out using the ANSYS Fluent 2020R1 commercial 315 

software. Two user-defined scalars were set up in the refractory sample and molten slag, 316 

respectively, representing MgO contents in the solid and fluid regions. The arithmetical 317 

expressions for the refractory wear rate were numerically run using codes developed by the 318 

authors, which were then integrated into the original software program. 319 

The remeshing method, which is appropriate for the conditions where the boundary 320 

displacement is large compared to the size of the local cells, was utilized to assess the shape 321 

changing of the refractory sample.[54] The corresponding wear rate determined the total 322 

displacement of the control volume, and the wall shear stress defined its direction along the X-, Y-, 323 

and Z-axes. The update of the volume mesh was processed automatically by the ANSYS Fluent 324 

software at each time step according to the new positions of the nodes of the refractory sample 325 
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wall and bottom, as well as the corresponding shadow wall and bottom of the fluid region.[55] 326 

The momentum, turbulent kinetic energy, specific dissipation rate, energy, and user-defined 327 

scalar equations were discretized using a second-order upwind scheme for higher accuracy. The 328 

well-known PISO (pressure implicit with the splitting of operator) scheme was employed for the 329 

pressure-velocity coupling. In addition, the modified high-resolution interface capturing method 330 

was adopted as a discretization scheme for the volume fraction analysis. The convergence criteria 331 

for the continuity, momentum, turbulent kinetic energy, specific dissipation rate, user-defined 332 

scalar, and volume fraction equations were set at 10-6, while that for the energy equation was 10-8. 333 

The grid independence analysis was thoroughly conducted using three families of unstructured 334 

meshes, with mean sizes of 0.2, 0.4, and 0.8 mm. In the three meshes, the value of y+ within the 335 

grids adjacent to the crucible wall and bottom was approximately equal to unity. After a typical 336 

simulation, the MgO contents at three monitoring points for the three types of grids were 337 

carefully compared. The average ensemble deviation of the MgO content data of the three 338 

monitoring points was about 2.55 pct for the first and second meshes, and about 5.13 pct between 339 

the second and third meshes. The complete scenario calculations for the first, second, and third 340 

meshes took about 660, 480, and 390 CPU hours using 120 cores at a basic frequency of 2.40 341 

GHz. Considering the high computation cost, the second mesh (0.4 mm) was used in the further 342 

numerical simulations. The time step of 0.001 s was adopted for the second mesh. 343 

V. RESULTS AND DISCUSSION 344 

A. Morphology Evolution of Refractory Sample in Static Testing 345 

Fig. 3 shows the distributions of the temperature and gas/slag two-phase in the static testing 346 

after 25 min. Due to the limited space, the temperature distribution in the crucible is very uniform, 347 

ranging from 1830 K to 1833 K. It is clear that the argon gas located at the outer ring of the upper 348 

part of the crucible is colder. Besides, the wetting phenomenon could be observed because of the 349 

application of the wall adhesion model. The contact angle used in the simulation is around 46.5 350 

degrees according to the performed measurements.[56] 351 
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 352 

Fig. 3 – Distributions of the temperature and the gas-slag two phases in the static experiment at 353 

25 min. 354 

      
355 

Fig. 4 – Wall shear stress distribution along the refractory sample wall and bottom in the static 356 

experiment at 25 min. 357 

Fig. 4 displays the wall shear stress distribution along the refractory sample wall and bottom. 358 

The argon gas flows upward under the thermal buoyancy effect causing a fluctuation of the 359 

gas/slag interface working with the interfacial tension. Furthermore, a slightly higher wall shear 360 

stress is observed along the refractory sample wall around the gas/slag interface, which could be 361 
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attributed to the gas/slag interface fluctuation and Marangoni effect. As a result, the refractory 362 

around the gas/slag interface would be damaged by the molten slag, as shown in Fig. 5. The wear 363 

rate of the refractory sample in the vicinity of the gas/slag interface exceeds that elsewhere. The 364 

MgO within the refractory sample is thus constantly transferred into the molten slag, and then 365 

started to spread in the molten slag layer. Fig. 6 represents the refractory sample morphology 366 

after the static testing. The sample shape change is negligibly small, and the corrosion traces 367 

induced by the molten slag could be clearly observed around the gas/slag interface. The 368 

difference from the simulated results is that the slag infiltration would slightly swell the refractory. 369 

Some new liquid phases were created after the infiltration in the experiment because of the 370 

interaction between the impurities and the molten slag. Moreover, some residual slag would 371 

adhere to the refractory. These are the reasons for the refractory swelling at the gas/slag interface. 372 

The above phenomena, however, was ignored in the simulation. 373 

        
374 

Fig. 5 – Corrosion rate distribution along the refractory sample wall and bottom, and MgO mass 375 

fraction distribution within the molten slag in the static experiment at 25 min. 376 
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 377 

Fig. 6 – Refractory sample morphology after the static experiment. 378 

B. Morphology Evolution of Refractory Sample in Rotating Finger Testing 379 

As mentioned above, the refractory sample rotated in the molten slag with a constant 120 rpm 380 

rotation speed in the dynamic testing. Fig. 7 displays the distribution of the wall shear stress 381 

along the refractory sample wall and bottom after 15 min. A higher wall shear stress is noted at 382 

the corner of the wall since it is a cuboid sample. Furthermore, the dissolution of the refractory 383 

occurs at the peripheral of the sample bottom, resulting in a shape change as indicated in Fig. 7. It 384 

is well known that refractory dissolution is generated due to the combined effect of flow-induced 385 

erosion and chemical-induced corrosion at this moment, where the former promotes the latter. In 386 

turn, the chemical-induced corrosion negatively affects the fluid flow because the dissolution of 387 

the refractory sample reduces its volume and stirring power to the molten slag. Fig. 8 indicates 388 

the flow pattern in the molten slag with a 120 rpm stirring. The molten slag flows in the 389 

counterclockwise direction, and four small concomitant clockwise vortices are generated. Fig. 9 390 

exhibits the distribution of the overall wear rate. As expected, a greater wear rate is detected 391 

where a higher wall shear stress is observed. Compared with Fig. 5, the overall wear rate in the 392 

rotating finger testing is two orders of magnitude higher than that in the static testing, which 393 

implies the flow-induced erosion could significantly influence the refractory damage behavior. 394 
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 395 

Fig. 7 – Wall shear stress distribution along the refractory sample wall and bottom in the dynamic 396 

experiment with a 120 rpm rotation speed at 15 min. 397 

      
398 

Fig. 8 – Distribution of flow pattern on plane 1 (the position of plane 1 is specified in Fig. 5) in 399 

the dynamic experiment with a 120 rpm rotation speed at 15 min. 400 
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 401 

Fig. 9 – Wear rate distribution along the refractory sample wall and bottom in the dynamic 402 

experiment with a 120 rpm rotation speed at 15 min. 403 

The MgO in the refractory sample would be continuously transferred into the molten slag 404 

because of the refractory dissolution, and then redistributed along with the flow, as demonstrated 405 

in Fig. 10. It can be seen that the distribution of the MgO content in the bulk of the molten slag is 406 

non-uniform, which could be attributed to the complicated flow pattern. However, the difference 407 

between the maximum (13.7 %) and the minimum (11.8 %) is relatively small because the 408 

volume of the reaction crucible, after all, is limited. Fig. 11 represents the distribution of the MgO 409 

content along the refractory sample wall and bottom. MgO at the corner of the wall and bottom 410 

would first dissolve in the molten slag. 411 
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412 

 413 

Fig. 10 – MgO mass fraction distribution within the molten slag in the dynamic experiment with a 414 

120 rpm rotation speed at 15 min. 415 

      
416 

Fig. 11 – MgO mass fraction distribution along the refractory sample wall and bottom in the 417 

dynamic experiment with a 120 rpm rotation speed at 15 min. 418 

The dissolution of the refractory sample becomes increasingly severe over time as shown in 419 

Fig. 12. The lower part of the refractory sample is gradually dissolved, because the lower part of 420 
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the wall as well as the bottom provide a larger reaction area for the flow-induced erosion and 421 

chemical-induced corrosion. The dissolution of the lower part refractory sample is, therefore, 422 

more severe than that of the upper part. The MgO content distribution pattern also changes with 423 

refractory sample dissolution. At the early stage, the distribution of the MgO in the molten slag is 424 

relatively uniform because the molten slag could be mixed well with a sufficiently long sample. 425 

However, the MgO content at the lower part of the molten slag becomes lower than that at the 426 

upper part at the later period of the testing, as shown in Fig. 12(c). On the one hand, no more 427 

MgO would be transferred into the molten slag from the refractory sample, since the lower part of 428 

the refractory sample has already been dissolved. On the other hand, the bottom molten slag 429 

would slow down because it could not be stirred anymore. Fig. 13 denotes the flow pattern of the 430 

molten slag after 20 min. The maximum and average velocity magnitude are smaller than that 431 

after 15 min, as specified in Fig. 8. The small concomitant vortices also disappear. 432 

      
433 
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434 

      
435 

Fig. 12 – Refractory sample morphology and MgO mass fraction distribution along the refractory 436 

sample wall and bottom in the dynamic experiment with a 120 rpm rotation speed: (a) 17 min, (b) 437 

20 min, and (c) 25 min. 438 
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439 

Fig. 13 – Distribution of flow pattern on plane 1 in the dynamic experiment with a 120 rpm 440 

rotation speed at 20 min. 441 

At the end of the dynamic testing, only a small piece of the refractory sample remained in the 442 

molten slag as shown in Fig. 14. The wall shear stress along the refractory sample wall becomes 443 

smaller. Due to a smaller MgO content difference and inactive fluid flow, the wear rate of the 444 

refractory sample decreases accordingly, as demonstrated in Fig. 15. 445 

 446 

Fig. 14 – Wall shear stress distribution along the refractory sample wall and bottom in the 447 

dynamic experiment with a 120 rpm rotation speed at 30 min. 448 
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 449 

Fig. 15 – Wear rate distribution along the refractory sample wall and bottom in the dynamic 450 

experiment with a 120 rpm rotation speed at 30 min. 451 

C. Model Validation 452 

The present work aims to develop a reliable numerical model to predict refractory damage 453 

behavior. It is therefore necessary to thoroughly compare the experimental and numerical results. 454 

Fig. 16 represents the evolution of the MgO mass fraction with time at the monitoring point in the 455 

static and rotating finger testings. A reasonable agreement is obtained between the measurement 456 

and simulation results. However, the measured MgO mass fractions always exceeded the 457 

simulated data in the static testing because the slag corrosion and the refractory matrix dissolution 458 

after the slag infiltration, which could promote the refractory damage, were not modeled in the 459 

numerical simulation. Besides, the MgO mass fraction rapidly increases after 15 min of the 460 

rotating finger testing. The wear rate of the refractory sample exceeds the threshold value, giving 461 

rise to the damage of the refractory sample, under the continuous action of flow-induced erosion 462 

and chemical-induced corrosion. The MgO content thus speedily increases due to the refractory 463 

sample dissolution. 464 
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Fig. 16 – Evolution of MgO mass fraction with time at the monitoring point. 466 

 467 

 468 

Fig. 17 – Comparison of the refractory sample morphology between the (a) experiment and (b) 469 

simulation. 470 
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Fig. 17 compares the refractory sample morphology between the experiment and simulation. 471 

The observed and calculated sample morphologies are similar. It is clear that the cuboid bottom 472 

refractory sample gradually shifts to the cone and finally becomes flat with the progress of 473 

refractory dissolution. 474 

Fig. 18 compares the refractory mass loss rate of the refractory sample between the experiment 475 

and simulation. The established numerical model could give relatively accurate prediction of the 476 

varying refractory sample mass loss with time. Moreover, the measured mass loss rates always 477 

exceeds than the calculated data because the slag corrosion and the refractory matrix dissolution 478 

after the slag infiltration are not considered in the numerical model, which underestimates the 479 

mass loss rate accordingly. 480 

 481 

Fig. 18 – Comparison of the refractory sample mass loss rate between the experiment and 482 

simulation. 483 

In general, the developed numerical model in the present work could describe the refractory 484 

damage behavior with acceptable accuracy. The agreement between the model results and the 485 

experimental data gives confidence in the fundamental validity of the developed numerical model. 486 

Besides assessing of the predicate capability of the developed numerical model to identify the 487 



30 / 38 

magnesia lining damage behaviors of various metallurgical vessels, the numerical model may 488 

also support the planning of inspections and decisions on smelting plant operation. In most cases, 489 

only qualitative or empirical data are available on the effects of these process variables on the 490 

refractory lining damage. For effective refining of molten steel, quantitative information should 491 

be provided, such as slag component variation, lining wear rate, and lining shape change. 492 

Therefore, the present work has developed and validated a comprehensive numerical model 493 

predicting the fluid flow, heat transfer, and refractory lining erosion and corrosion behaviors. 494 

It could be noted that some assumptions in the present model are far away from actual situation. 495 

The undissolved solid refractory fragments in the molten slag were ignored. In the experiment, 496 

these fragments tended to sink to the bottom because of a higher density. The delaminated 497 

refractory fragments however were supposed to dissolve in the molten slag in the liquid state in 498 

the numerical model for simplification. To quantitatively describe the refractory shape change, 499 

the fluid-solid coupled algorithm and dynamic mesh method were adopted. The reduced volume 500 

of the solid region was filled with the same volume of liquid for avoiding mass non-conservation 501 

during the numerical solution procedure. Besides, the influence of the MgO saturation 502 

concentration on the chemical corrosion was not included. The chemical corrosion would become 503 

weaker when the MgO content gradually approaches its saturation content, and completely stop if 504 

the MgO dissolution reaches saturation condition. Actually, the limitation of the saturation 505 

concentration could create a great effect on the refractory wear behavior. The effect of these two 506 

factors will be numerically investigated in our next work. 507 

VI. CONCLUSIONS 508 

To quantitatively estimate the magnesia refractory deterioration in the smelting process, static 509 

and rotating finger experiments were carried out to assess the magnesia refractory dissolution. 510 

Next, a transient 3D fluid-solid coupled numerical model was developed, which involved the 511 

gas/slag two-phase flow pattern, temperature profile, MgO content distribution, solid refractory 512 

dissolution, and sample shape change. Furthermore, a degradation kinetic model was proposed to 513 

calculate the refractory wear rate determined by the coupled effect of the flow-induced erosion 514 
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and chemical-induced corrosion. In addition to the wall shear stress, temperature, and MgO 515 

content difference, it also considered the molten slag’s wetting behavior. The shape change of the 516 

solid refractory sample was represented by the dynamic mesh. A reasonable agreement between 517 

the predicted results and measured data proved the feasibility of the developed numerical model. 518 

The main findings can be summarized as follows: 519 

(1) The molten slag first infiltrates the porous refractory, eroding and dissolving the matrix, and 520 

peels the aggregate under the flow action. The simulated wear rate is underestimated 521 

compared with the measured data, because the slag corrosion and the matrix dissolution are 522 

neglected in the numerical model. 523 

(2) Flow-induced erosion must be considered in estimating the refractory wear rate. The wear 524 

rate would be increased by one or two orders of magnitude by the flow action, depending on 525 

the velocity. 526 

(3) The powers of the wall shear stress are successfully used to evaluate flow-induced erosion 527 

behavior. At the same time, a modified Arrhenius’s law related to the composition content 528 

difference, temperature, and corrosion activation energy is adopted to assess the 529 

chemical-induced corrosion. 530 

531 
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57. Table Captions: 630 

Table I.   Preparation formula of the refractory sample (wt. %) 631 

Table II.  Initial composition of molten slag (wt.%) 632 

Table III.  Physical Properties and Operating Conditions 633 

 634 

Figure Captions: 635 

Fig. 1 – Experimental setup. 636 

Fig. 2 – Physical model of the computational domain. 637 

Fig. 3 – Distributions of the temperature and the gas-slag two phases in the static experiment at 638 

25 min. 639 

Fig. 4 – Wall shear stress distribution along the refractory sample wall and bottom in the static 640 

experiment at 25 min. 641 

Fig. 5 – Corrosion rate distribution along the refractory sample wall and bottom, and MgO mass 642 

fraction distribution within the molten slag in the static experiment at 25 min. 643 

Fig. 6 – Refractory sample morphology after the static experiment. 644 

Fig. 7 – Wall shear stress distribution along the refractory sample wall and bottom in the dynamic 645 

experiment with a 120 rpm rotation speed at 15 min. 646 

Fig. 8 – Distribution of flow pattern on plane 1 (the position of plane 1 is specified in Fig. 5) in 647 

the dynamic experiment with a 120 rpm rotation speed at 15 min. 648 

Fig. 9 – Wear rate distribution along the refractory sample wall and bottom in the dynamic 649 

experiment with a 120 rpm rotation speed at 15 min. 650 

Fig. 10 – MgO mass fraction distribution within the molten slag in the dynamic experiment with 651 

a 120 rpm rotation speed at 15 min. 652 

Fig. 11 – MgO mass fraction distribution along the refractory sample wall and bottom in the 653 

dynamic experiment with a 120 rpm rotation speed at 15 min. 654 

Fig. 12 – Refractory sample morphology and MgO mass fraction distribution along the refractory 655 

sample wall and bottom in the dynamic experiment with a 120 rpm rotation speed: (a) 17 656 
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min, (b) 20 min, and (c) 25 min. 657 

Fig. 13 – Distribution of flow pattern on plane 1 in the dynamic experiment with a 120 rpm 658 

rotation speed at 20 min. 659 

Fig. 14 – Wall shear stress distribution along the refractory sample wall and bottom in the 660 

dynamic experiment with a 120 rpm rotation speed at 30 min. 661 

Fig. 15 – Wear rate distribution along the refractory sample wall and bottom in the dynamic 662 

experiment with a 120 rpm rotation speed at 30 min. 663 

Fig. 16 – Evolution of MgO mass fraction with time at the monitoring point. 664 

Fig. 17 – Comparison of the refractory sample morphology between the (a) experiment and (b) 665 

simulation. 666 

Fig. 18 – Comparison of the refractory sample mass loss rate between the experiment and 667 

simulation. 668 


