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ABSTRACT 
Numerous studies have explored refractory corrosion in the presence of slag and/or metal, utilizing 
the Finger Rotating Test (FRT). Recent experimental results revealed that corrosion initially 
increased with rising rotation velocity but was then suppressed above a critical rotating speed, under 
conditions involving a two-liquid solution of slag and molten steel. This phenomenon indicated that 
the liquid/liquid interface movement occurred during spindle rotor. However, understanding of the 
phenomenon, known as the rod climbing effect, remains inadequate in the case involving slag, 
molten steel, and refractories. To gain deeper insights, a simulation experiment was conducted on 
the phenomenon using silicon oil/water, and the phenomenon was analysed using computerized 
simulation software (Ansys Fluent). Experimental modelling demonstrated that interfacial movement 
occurs even at low rotation velocity, as low as 200 rpm, when the viscosity of silicone oil is at 100 
cP. Computational analysis utilizing the Volume of Fluid (VOF) method and a realizable k-ε 
turbulence model elucidated that interface elevation during rotor rotation arises due to viscosity 
disparities between the two fluids. Furthermore, this movement is more pronounced when the 
viscosity difference is lower. Additionally, the study findings suggest that higher density differences 
between two liquids suppress the phenomenon of interface movement. 

INTRODUCTION  
MgO-C refractories are mainly used as furnace lining materials due to their high mechanical strength, 
slag corrosion resistance, and thermal shock resistance.[1-2] The furnace lining lifetime is determined 
by damage to the refractory due to chemical corrosion, thermal shock, and mechanical wear.[3-7] 
Among these, chemical corrosion by slag is one of the main mechanisms causing serious wear of 
refractories[8]. To improve the lining lifetime of the furnace, some researchers have studied the 
corrosion mechanism of MgO-C refractories.[5, 9-12] 

Methods for researching corrosion of refractory materials by slag can be divided into static and 
dynamic methods that embody the flow conditions of actual operation. A representative static method 
is the cup test, which processes refractory materials into a cup shape, adds solid slag, and observes 
the reaction after melting.[5,9] Meanwhile, a method of providing slag flow is the rotary slag test, which 
involves attaching a refractory material to a rotary furnace, putting molten slag in it, and then rotating 
the furnace to check the corrosion phenomenon.[10] However, FRT, which processes refractory 
materials into finger shapes and rotates them in molten slag and/or steel in a crucible, is the most 
widely used.[13,14] 
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FIG 1 – Examples of FRT studies 

 
Corrosion under operational conditions primarily arises due to the Marangoni effect at the interface 
between slag and molten steel.[15] Previous research suggests that an increase in rotational speed 
increases corrosion or reaction rates as a result of the combined effects of forced and Marangoni 
convection.[16] However, recent findings by Um et al.[17] under a two-liquid solution condition 
comprising slag and molten steel, revealed that corrosion initially rose with increasing rotation 
velocity and was suppressed above a critical value. 
This observed phenomenon, known as the rod climbing effect (or Weissenberg effect), typically 
manifests in non-Newtonian fluids.[18] However, recent studies have demonstrated its occurrence in 
Newtonian fluids under specific circumstances.[19,20] Despite this, research concerning the 
phenomenon among slag, molten steel, and refractories remains insufficient. To complement this, 
our study delves into fluid dynamics and influencing factors utilizing a water model and computational 
fluid dynamics using commercial software Ansys Fluent. 

EXPERIEMENTS 
Water/silicone oil experimental 
Experiments utilizing water/silicone oil were conducted to simulate FRT involving slag and molten 
steel. Figure 2 depicts a schematic diagram of the simulation apparatus. Each experiment utilized 
150 g of silicone oil and water, with a small quantity of red dye added to the water to enhance 
visibility. The rotating body consisted of MgO-C refractory material, processed to a diameter of 20mm 
and a length of 50mm, and coupled with a metal rod connected to a motor to induce rotational motion. 
Transparent glass crucibles (outer diameter 50mm, inner diameter 40mm, height 130mm) with 
internal monitoring capabilities were utilized. Real-time imaging was recorded by a CCD camera to 
observe interface movement corresponding to rotation. Experiments were conducted under standard 
room temperature and atmospheric conditions. 
Considering the viscosity effect, silicone oils with varying viscosities (100 cP and 1,000 cP) were 
employed. The rotational velocity in both conditions was experimentally constrained to the maximum 
value that preserved the interface between the two fluids without inducing mixing due to rotation. 
each ranged up to 700 rpm under conditions with 100 cP silicone oil and up to 1,000 rpm under 
conditions with 1,000 cP silicone oil. 
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FIG 2 – A schematic of finger rotating test 

 

• Computational Simulation 
Ansys Fluent was used for computer simulation. The following assumptions and conditions were 
used to simulate the phenomenon. 

o Fundamental assumption 
(1) The fluid is assumed to be an incompressible Newtonian fluid. 
(2) The analysis of heat transfer under isothermal conditions is ignored. 
(3) Unlike the actual reaction, the slag, molten steel, and refractory material are assumed not to react 
with each other, so the initial form of the refractory material is maintained. Slag and molten steel are 
assumed to be in a uniform state, so there is no bias in the physical values. 

o Governing equations 
The most basic governing equations used in CFD simulations are as follows.  

• Continuity equation 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ∙ (𝜌𝜌𝜌𝜌) = 0 ----- (1) 

where ρ is fluid density, t is time, u is the flow velocity vector field. 
• Momentum equation 

𝜕𝜕𝜕𝜕𝑢𝑢𝑖𝑖
𝜕𝜕𝜕𝜕

+ 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝜌𝜌𝑢𝑢𝑖𝑖𝑢𝑢𝑗𝑗� = − 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

+ 𝜕𝜕𝜏𝜏𝑖𝑖𝑖𝑖
𝜕𝜕𝑥𝑥𝑗𝑗

 ----- (2) 

where 𝜌𝜌 is fluid density, 𝑢𝑢 is the velocity of fluid, and P is static flow pressure. 

The Realized k-𝜀𝜀 model[21] was used to accurately simulate the rotation. This model was developed 
to improve the flow predictions of the standard k-ε model for boundary layer flows, and separated 
flows, and flows with rotational and vortex characteristics. 

• The equation of turbulent kinetic energy (k)  
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌) + 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝜌𝜌𝜌𝜌𝑢𝑢𝑗𝑗� = 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

��𝜇𝜇 + 𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘
� 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
� + 𝐺𝐺𝑘𝑘 + 𝐺𝐺𝑏𝑏 − 𝜌𝜌𝜌𝜌 − 𝑌𝑌𝑀𝑀 + 𝑆𝑆𝑘𝑘 ----- (3) 

• The equation of turbulent kinetic energy dissipation (𝜀𝜀) 
𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌) + 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�𝜌𝜌𝜌𝜌𝑢𝑢𝑗𝑗� = 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

��𝜇𝜇 + 𝜇𝜇𝑡𝑡
𝜀𝜀
� 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗
� + 𝜌𝜌𝐶𝐶1𝑆𝑆𝜀𝜀 − 𝜌𝜌𝐶𝐶2

𝜀𝜀2

𝑘𝑘+√𝜈𝜈𝜈𝜈
+ 𝐶𝐶1𝜀𝜀

𝜀𝜀
𝑘𝑘
𝐶𝐶3𝜀𝜀𝐶𝐶𝑏𝑏 + 𝑆𝑆𝜀𝜀  ----- (4) 
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where 𝐺𝐺𝑘𝑘 is the generation of turbulence kinetic energy due to the mean velocity gradients, 𝐺𝐺𝑏𝑏 is the 
generation of turbulence kinetic energy due to buoyancy, 𝑌𝑌𝑀𝑀 is the contribution of the fluctuating 
dilatation in compressible turbulence to the overall dissipation rate, 𝜎𝜎𝑘𝑘, 𝜎𝜎𝜀𝜀 are the turbulent Prandtl 
numbers for k and 𝜀𝜀, respectively, and 𝑆𝑆𝑘𝑘, 𝑆𝑆𝜀𝜀 are user-defined source terms. 

o Computational simulation conditions 
To perform a computational simulation of the experiment utilizing water/silicone oil, the physical 
properties were obtained from the previous water/silicone oil experiment. For the modelling 
conditions, Volume of Fraction was utilized as a multi-phase condition, and Multiple Reference 
Frame was employed for rotation, as depicted in Table 1. To reduce computation time, a 2D model 
was utilized, consisting of 73,236 quadrilateral meshes. The Realizable k-𝜀𝜀 model was chosen, and 
the roughness height was measured and implemented, with the default roughness constant applied. 
The simulation results were validated against those obtained from the water/silicone oil experiment, 
confirming the accuracy of the simulation. 
Considering the differences in viscosity and density between liquid metal and slag, we investigated 
interfacial movement by varying the physical properties of silicone oil. Silicone oil viscosity was 
adjusted to match the experimental conditions, 100 cP and 1,000 cP. Furthermore, density was 
expressed as a ratio. The density ratio of water to silicone oil set at 0.97 and 0.50, respectively. 
 

TABLE 1 – Physical properties, Operation conditions for FRT computational simulation 

Parameter Value 
Physical properties of water  
Density (𝑘𝑘𝑘𝑘/𝑚𝑚3) 1,000 

Viscosity (𝑐𝑐𝑐𝑐) 1 

Physical properties of silicone oil  

Density (𝑘𝑘𝑘𝑘/𝑚𝑚3) 970 

Viscosity (𝑐𝑐𝑐𝑐) 100/ 1,000 

Tensions between the fluids  

Surface tension of water (𝑁𝑁/𝑚𝑚) 0.061 

Surface tension of silicone oil (𝑁𝑁/𝑚𝑚) 0.024 

Interfacial tension between water and silicone oil (𝑁𝑁/𝑚𝑚) 0.042[22] 

Roughness of the MgO-C rotor  

Roughness height (𝜇𝜇m) 0.42 

Roughness constant 0.5 

Operation conditions  

Rotation Speed (𝑟𝑟𝑟𝑟𝑟𝑟) 0  ~ 900 

Initial interface height (𝑐𝑐𝑐𝑐) 4.2 
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RESULTS AND DISCUSSIONS 
Water/silicone oil experimental results 
Experimental investigations were conducted using water and silicone oil with viscosities of 100 cP 
and 1,000 cP, respectively. Figure 3(a) depicts the initial appearance before the experiment, while 
Figure 3(b) depicts the experimental setup under conditions of 700 rpm and 1,000 cP viscosity of 
silicone oil. To quantify the displacement of the interface, the height of the three-phase interface is 
defined ∆𝐻𝐻. 

∆𝐻𝐻 = 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  ----- (5) 

Figures 3(c) and 3(d) represent the results for silicone oil viscosities of 100 cP and 1,000 cP, 
respectively. In both cases, an increase in the rotational speed of the refractory material led to an 
upward movement of the three-phase interface between water, silicone oil, and the refractory 
material. With 100 cP silicone oil, a gradual change in height was observed from 200 rpm onwards, 
whereas with 1,000 cP silicone oil, a sharp change in height occurred from 300 rpm onwards. Hence, 
a smaller difference between the viscosities of silicone oil and water resulted in greater interfacial 
displacement.

 
FIG 3 – (a) initial appearance preceding experiment, (b) appearance post-rotation at 700 rpm, (c) plot 
depicting interface height variation with rotation velocity in water/silicone oil experiment under 100 cP 

silicone oil condition, (d) under 1,000 cP silicone oil condition. 

Computational simulation results 
Computational simulations were conducted on water/silicone oil experiment when the viscosity of 
silicone oil was 100 cP and 1,000 cP. The dataset employed in the computer simulations is outlined 
in Table 1. Figure 4(a) and (b) present both experimental and simulated data for silicone oil 
viscosities of 100 cP and 1,000 cP, respectively. In the case of 100 cP, a slight interfacial height 
change in height was observed even at 75 rpm in the simulation, and a sharp change occurred 
between 450 rpm and 500rm. Even in the case of 1,000 cP, a slight interfacial movement was 
observed even below 100 rpm, a phenomenon was not observed in the experimental results. In 
addition, the difference with the experimental results increased above 800 rpm. Nevertheless, the 
trend of increasing interface heights with rising rotational speed of the refractory material well 
simulated that observed in the experiments. 
Figure 4(c) illustrates the schematic representation of liquid flow under conditions of 1,000 cP 
viscosity for silicone oil at 525 rpm. Fluid velocities are depicted using a colour gradient, where red 
indicates high velocity and blue represents low velocity. Near the rotating body, silicone oil has high 
fluid velocities, while other regions experience relative stagnation. Conversely, water has slower fluid 
velocities near the rotor, with convection flow around it. As water flows move the interface near the 
rotating body, the silicone oil-water interface rises accordingly. 
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FIG 4 – (a) plot illustrating interface height variation with rotation velocity in experimental and simulated data 

under 100 cP silicone oil condition, (b) plot illustrating interface height variation with rotation velocity in 
experimental and simulated data under 1,000 cP silicone oil condition, (c) schematic displaying velocity 

distribution with colour gradient under the condition of 1,000 cP viscosity for silicone oil at 525 rpm 

In industrial conditions, such as ladles containing molten steel and slag, there exists a notable 
density difference between the two liquids. To consider the effect of density difference, the density 
ratio is defined by equation (6). 

𝜌𝜌𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜𝑜𝑜 𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤⁄ ----- (6) 
Figure 5(a) compares density ratios of 0.5 and 0.97 at a fixed viscosity of 100 cP in both cases. 
Below 400 rpm, the similar results is observed between the two conditions. However, above 500 
rpm, significant interface movement is evident at a density ratio of 0.97, while less movement is 
evident at a ratio of 0.5. 
Figure 5(b) depicts a schematic of liquid flow under conditions of density ratio 0.50 at 525 rpm. While 
the velocity distribution resembles that of Figure 4(c), convection of the silicone oil near the silicone 
oil/water interface is evident, suppressing interface movement. Consequently, insufficient force is 
exerted to raise the silicone oil/water/refractory interface compared to the case with a higher density 
ratio. 

  
FIG 5 – (a) plot depicting difference in interface height variation based on density ratio, (b) schematic 

displaying velocity distribution with colour gradient under the condition of density ratio 0.50 and 1,000 cP 
viscosity for silicone oil at 525 rpm. 

Under actual steelmaking conditions involving liquid molten steel and slag, density difference exist. 
Computational simulations indicate that simulation accuracy is accurate under conditions of 
significant high-density ratio. Therefore, it is worth considering additional variables such as interfacial 
tension and contact angle. 
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CONCLUSIONS  
This study analysed fluid flow using both water/silicone oil experimental modelling and computational 
fluid dynamics (CFD) simulations to discern the factors influencing interfacial movement in the two-
phase Finger Refractory Test (FRT) experiment involving molten steel and slag. 

1. In the water/silicone oil experimental model, the interface rose at rotational velocities of 200 rpm 
or higher under 100 cP conditions and at 300 rpm or higher under 1,000 cP conditions. Furthermore, 
as rotational speed increased, the interface movement also increased. 

2. During computer simulations utilizing Volume of Fluid (VOF), Multiple Reference Frames (MRF), 
and Realizable k-epsilon (k-𝜀𝜀) models, similar trends were observed in the water/silicone oil 
experiment. Water with low viscosity led to interface movement. 

3. In simulations comparing density ratio as a variable (0.97 and 0.5), reduced interfacial 
movement was noted with decreasing density ratio. To accurately simulate the fluid interaction in 
real operational conditions, additional factors such as interfacial tension or contact angle warrant 
consideration. 
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