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Abstract 13 

Wear of the hearth refractory and buildup (“skull”) formation play important roles for the life length of 14 

the ironmaking blast furnace. The extent of these factors during the campaign can be estimated by solving 15 

a sequence of inverse heat-conduction problems, but this requires thermocouple measurements in the 16 

lining and the effect of liquid flow is often disregarded. The model developed in the present paper aims 17 

at providing a theoretical estimation of the asymptotic inner profile of the hearth by a CFD-based 18 

approach that estimates both the iron flow and the refractory erosion and possible skull. The profile, 19 

shaped by the flowing hot metal, solidified skull, and remaining refractory is obtained through an iterative 20 

process based on the calculated fluid flow and temperature distribution in the domain. The paper presents 21 

the assumptions behind the model, its main equations and the solution procedure, as well as a set of 22 

illustrative examples that show the versatility of the approach. The results of the model can be used to 23 

estimate the potential strengths and weaknesses of a specific hearth design, and also how the lining state 24 

would be affected by changes in the boundary conditions. 25 

Keywords: CFD model, fluid flow, heat transfer, hearth erosion, skull buildup 26 
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I. Introduction 

 

Even though a transition to carbon-lean or carbon-free ironmaking alternatives are under strong 

development, the blast furnace (BF) is expected to remain the dominant process for large-scale and 

economic production of hot metal in the next few decades. Despite its strong dependence on coke, the 

BF has a number of advantages, such as high productivity, mature operating practices, and strong 

integration with other units in the steel plant. However, the economics of ironmaking in the BF is strongly 

associated with a long campaign life, which largely depends on the durability of the refractory in the 

lower part of the process.[1-3] The hearth region is exposed to an aggressive environment under high 

temperatures and pressure, where the lining materials are exerted to, e.g., alkali attack, oxidation and 

dissolution, fluctuations in temperature, mechanical wear, and stress induced by liquid flow.[4-8]. 

Over the years, numerous investigations have been carried out to find ways to protect the BF hearth lining 

and thus prolong the campaign life length. As it is still impossible to (directly) monitor the hearth state 

of a BF because of the hostile environment, the problem has been tackled by computational means. One 

category of methods is typically referred to as inverse heat conduction models, where Laplace’s equation 

of heat conduction in the lining is solved by different numerical schemes.[9-11] This approach requires a 

large amount of temperature readings from thermocouples embedded in the hearth lining. The problem 

is essentially defined as finding the inner hearth profile that yields the closest match between calculated 

temperatures and the values of the (reference) thermocouples. The simplest form of models apply a one-

dimension formulation, but this cannot properly describe more complex conditions in the region where 

the sidewall meets the bottom. Many such models have been implemented at the iron works, where they 

are used on a routine basis to follow the estimated extent of lining erosion. Nevertheless, the accuracy of 

this method strongly depends on the quantity and quality of the information at hand, as the thermocouple 
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readings usually contain a big portion of noise. Furthermore, the way in which the problem is posed also 

affects the usefulness and uniqueness of the results. As a result, special efforts must be put on filtering 

out noise and interpolating and/or extrapolating the data properly in regions where temperature readings 

are unavailable or few. Usually, these methods are based on strongly simplified conditions at the hot 

face, typically by keeping that the lining temperature fixed (often at 1150 C), which means that the 

effect of in-hearth liquid flow is excluded. The other category of models addresses this limitation by 

utilizing computational fluid dynamics (CFD) techniques to solve conjugate governing equations of heat 

transfer and liquid flow through a packed bed (i.e., the dead man).[6,7,12-16] In this approach, the hearth 

domain is explicitly divided into a liquid and a solid zone, which represent the iron pool and refractory 

bricks, respectively. Several interesting hearth models have been reported in the literature and the effect 

of various operating conditions has been thoroughly examined. Yoshikawa and Szekely[4] were among 

the first to develop a CFD model to investigate the influence of recirculation flow on the dissolution 

behavior of carbon refractories. Since then, more realistic and comprehensive models have emerged. 

However, most approaches have been based on the assumption that refractories remain intact even though 

the resulting 1150 C isotherm may be located inside the solid zone. Furthermore, the formation of 

(solidified) skull layers is seldom considered in spite of the fact that both numerical predictions and 

findings during furnace repairs have indicated that a stable layer of skull may occur between the 

chemically aggressive liquids and the lining bricks.[17,18] Zhang et al.[17] employed a new methodology 

integrating a three-dimensional CFD hearth model and a one-dimensional inverse heat transfer model to 

predict both the hearth lining erosion and skull profiles. However, the lining erosion in the hearth bottom 

corner areas, where the local erosion is often severe, was not considered. A model focused on the 

investigation of the hearth skull formation has also been developed.[18] This model was over-simplified 

with respect to lining structure only applying one lining layer, so it cannot consider the effect of the 
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integrated lining design on the skull formation. A summary of the above-mentioned models is provided 

in Table 1, which reports the main features of the models. 

Table 1. Summary of different hearth erosion models. 

Reference 

Online model (inverse 

heat transfer model) 

Offline model (CFD model) 

Heat transfer Fluid flow Skull buildup Lining erosion 

9 ×     

10 ×     

11 ×     

4   ×   

6  × ×   

7  × ×   

12  × ×   

13  × ×  × 

14  × × ×  

15  × ×   

16  × ×   

17  × × × × 

18  × × ×  

Present work  × × × × 

 

To bridge the above-mentioned gap, the current study develops a CFD model that is able to tackle fluid 

flow, heat transfer, refractory erosion, and skull buildup simultaneously in one domain during the 

calculation. This paper outlines the general structure and solution procedure of the model, followed by a 

set of examples that demonstrate its applicability and versatility over a wide range of operating 
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parameters. A simplified hearth geometry of an industrial BF is used and all simulations are performed 

on the platform of ANSYS FLUENT,[19] which is augmented with a variety of user-defined functions. 

 

II. Outline of the Model 

 

The goal of the study is to provide a straightforward means to estimate the asymptotic state of the hearth 

lining, both concerning refractory erosion and skull buildup, for a BF operated under fixed boundary 

conditions for the hearth. The model must be able to handle phase transition between liquid and solid 

(i.e., skull and refractory) and the moving interface between them. From a theoretical standpoint, both 

issues can be tackled by applying some advanced numerical techniques, such as a solidification model[20] 

or dynamic meshes.[19] However, the associated increase in model complexity and the computational 

burden will become a concern, particularly if multiple cases are to be studied, e.g., in a sensitivity 

analysis. To instead develop a robust and computationally efficient CFD model, the following 

simplifying assumptions are introduced: 

1) The system is stationary and studied in two dimensions. 

2) Tapping from only one taphole is considered and is realized by defining an outlet at a certain 

point of the domain. 

3) Molten slag and gas are ignored in the computational domain. 

4) Turbulence and chemical reactions are disregarded. 

5) The hearth is occupied by a coke bed (of constant porosity) that extends to the wall and bottom. 

6) The density of hot metal is assumed constant. 
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Assumption 1 is introduced for computational convenience, while Assumption 2 excludes the complex 

conditions in the taphole.[21-23] Assumption 3 is justified by focusing the model on the lowest part of the 

hearth, while Assumption 4 is justified by the slow flow rates of iron in all other parts that at the close 

vicinity of the taphole. The fifth assumption implies that the deadman sits on the bottom in the hearth, 

which is justified for furnaces with a shallow hearth design, while the last assumption was introduced for 

the sake of numerical simplicity.  

A. Governing Equations and Calculation Procedure 

The macroscopic governing equations for fluid flow in an (isotropic) packed bed are used as a starting 

point for representing the flow in the BF hearth system. The mean equations for continuity and 

momentum balance are written as 

∇ ∙ (𝜀𝜌𝐮) = 0        (1) 

∇ ∙ (𝜀𝜌𝐮𝐮) = ∇ ∙ (𝜀𝜂∇𝐮) + 𝜀(𝜌𝐠 − ∇𝑝 − 𝐑)    (2) 

where ε, ρ, η, u, g, and 𝑝 are the dead man porosity, liquid density, viscosity, velocity vector, gravity 

vector, and pressure. The last term on the right-hand side of Eq. (2) describes the flow resistance of the 

dead man and is expressed by the well-known Ergun equation 

𝐑 =
𝜀

𝐴
𝜂𝐮 +

𝜀2𝐵

2
𝜌𝐮|𝐮|      (3) 

where A is the permeability of the dead man and B is the inertial term accounting for the kinetic energy 

of turbulent eddies, which can be generated within the void space when the flow rate is relatively high. 

The two parameters are given by 

 𝐴 =
𝑑coke

2

150

𝜀3

(1−𝜀)2 ;  𝐵 =
3.5

𝑑coke

1−𝜀

𝜀3     (4a, b) 

where dcoke is the coke particle diameter. 
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The energy conservation equation for the liquid phase takes the form 

∇ ∙ (𝐮𝑇) − ∇ ∙ (
𝜆

𝜌𝑐P
∇𝑇) = 0     (5) 

where T, λ, and cp are the temperature, thermal conductivity and heat capacity, respectively, and the term 

α = λ/(ρcp) represents the thermal diffusivity. 

A.a. Temperature calculation for solid phase 

Inspection of Eq. (5) reveals that it is identical with the Laplace equation of heat conduction if the first 

(i.e., convective) term on the left-hand side approaches zero, implying that the equation is also applicable 

to the solid phase with a special treatment on the flow field. This reduces the complexity of the model 

and, more importantly, constitutes a means of efficiently tracking the liquid-solid front in an iterative 

solution of the problem by employing a unified form of the energy equation to both phases. The task can 

be accomplished by zeroing the flow velocity in the computational cells located in the solid zone. 

However, this would cause severe convergence problems as it leads to a violation of the continuity 

equation, so the computational flow field in the solid zone was suppressed by giving the porosity in a 

very small value to the porosity in Eq. (3), which accordingly leads to an appreciable momentum sink in 

Eq. (2). A preliminary analysis of the model suggested that the effect of the convective term became 

marginal if the artificial porosity is given a value of 𝜀 = 10−4, yielding velocity in the solid zone of 

10−15 m/s or lower. 

A.b. Overall calculation procedure 

For most of the CFD models tackling BF hearth erosion problems, both the solid zone (lining materials) 

and liquid zone (hot metal pool) are fixed during the whole simulation process. However, for the current 

model, the interfaces between the different phases are moved during the calculation cycle to reach a 

stable state asymptotically, which characterizes the final lining erosion state. Thus, this model has the 

ability to track the interfaces in a straightforward and efficient way. In the analysis to be presented, the 
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commonly accepted concept of the 1150C isotherm as the boundary between the iron and the solid 

phase was employed, expressing the maximum hot metal penetration into hearth lining since carbon-

saturated pig iron cannot exist in liquid form below this temperature. As schematically depicted in Fig. 

1, an initial guess of the internal hearth profile is given together with other relevant variables (Fig. 1a). 

On the basis of these, the temperature distribution in the hearth is calculated. The next step is to update 

the hearth profile as follows (Fig. 1b). If the 1150 C isotherm falls inside the internal profile, the volume 

of the solid between these two is taken to be eroded. If, by contrast, the region between the isotherm and 

the original hearth profile falls within the liquid pool, the volume is taken to be filled with the solidified 

skull. After this, the procedure is repeated until a stable state is reached. It should be stressed that if the 

inner profile moves “inwards” during later iterations, skull is only taken to be formed if the profile enters 

inside the original lining – else the original lining is restored. This iterative procedure was fully coupled 

to the CFD solver of ANSYS FLUENT[19] by coding a variety of user-defined functions. One of the 

routines is used to update the hearth profile by categorizing the computational cells into different groups 

including hot metal (i.e., liquid pool), skull, and refractory materials. The liquid-solid interfaces are 

implicitly recognized during the calculation. 
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Figure 1. Schematics of calculating routine and updating hearth internal profile based on the 1150 C 

isotherm. (a) An initial guess of the internal hearth profile (b) Updated internal hearth profile. 

 

The right panel of Figure 1 presents a flowsheet of the model, where a calculation cycle is defined as a 

sequence of iterations for the flow field, temperature field, and updating of the internal profile. After 

each cycle, the key data are retrieved for post-processing and the updated hearth configuration is provided 

for the next iteration. The governing equations were solved using the SIMPLE velocity-pressure coupling 

scheme and a higher-order discretization scheme was applied to each equation for better accuracy. The 

maximum residuals at convergence were set to 10-3 for the mass and momentum equations and 10-6 for 

the energy equation. 

 

B. Hearth geometry, boundary conditions, and material properties 

The current model is limited to two-dimensional (2D) treatment for fast computation and to demonstrate 

the applicability of the model to a set of states of interest. Figure 2 displays the two-dimensional hearth 
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geometry, which is a simplification of the hearth of a reference furnace. The BF has a working volume 

of approximately 1000 m3 and is equipped with one taphole. It is constructed of carbon bricks (CB) at 

the bottom, with layers of microporous carbon bricks (MCB) and high quality ceramics on top. This 

structure of design is called the “heat isolation method”[24] because the ceramic pad (CP) with very low 

thermal conductivity can withstand high temperature gradients, thus isolating the underlying carbon 

bricks from thermal and chemical attack. The hearth sidewall on the taphole side is lined with super-

micropore carbon bricks (SCB) which have high thermal conductivity and are able to extract excessive 

heat from the hearth and therefore cool the hot face in the vicinity of the taphole. The opposite sidewall 

is made of micropore carbon brick (MCB). The dimensions and the materials are shown in Fig. 2. 

   

Figure 2. Geometric dimensions and lining design of the hearth as well as boundary (referred to by 

①−⑤) conditions applied in the model.  

 

With reference to Fig. 2, boundary conditions are applied in the following way. A constant and uniform 

inlet velocity of hot metal is given at ①. For the momentum equations, non-slip wall conditions are given 

at ②−④, and constant pressure is applied at the outlet ⑤. For the energy equation, a constant 

temperature of hot metal is set along boundary ① and the top surface of ② is assumed to be adiabatic. 



12 

 

For the case of simplicity, constant temperatures are applied at boundaries ③ and ④. However, the 

model is readily compatible with other thermal conditions, e.g., heat flux, thermal radiation, or forced 

convection. Likewise, the entering hot metal and its supply rate could be distributed non-uniformly over 

the boundary ①, if deemed justified. 

The simulations use the thermal conductivities of the lining materials listed in Table 2, which were 

compiled from different sources.[25-28] The viscosity and density of hot metal were set to 0.006 Pa∙s and 

6800 kg/m3, respectively. It should be noted that all the cells in the hot-metal region are also occupied 

by the coke bed (i.e., deadman), so the thermal diffusivities of these cells were expressed as a weighted 

mean of thermal diffusivities of hot metal, [6.2 + 0.00179(𝑇 − 1811)] m2/s, and coke, 1.5 m2/s. The 

computational domain was discretized into 320 × 420 rectangular control volumes in Cartesian 

coordinates, which ensures that the mesh is dense enough to capture the essential features within the 

domain. 

Table 2. Thermal conductivities (W/(m·K)) of the lining materials (cf. Fig. 2) and the skull. 

λCP λCB λMCB λSCB λSkull 

2.0 7.2 10.6 20.5 2.0 

 

 

C. Cases Studied 

In order to illustrate the model, a set of cases (cf. Table 3) covering a wide range of operating conditions 

were studied to assess their effect on the asymptotic hearth lining erosion and skull buildup. The first 

row of the table (Case 1.1) represents the base case, while in the later rows, the iron inlet velocity, dead-

man porosity, iron inlet temperature, outer sidewall, and bottom temperatures are perturbed from the base 
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point, one parameter at a time (with the value written in boldface). In the base case, iron enters the hearth 

with a velocity of 0.1 mm/s, which corresponds to a production rate of about 70 t/h, at a temperature of 

1773 K (1500 C). The coke-bed porosity was set to 𝜀 = 0.3 and the coke was assumed to be spherical 

and of uniform diameter (0.035 m). The outer surfaces of the bottom and sidewall were set to 423 K (150 

C) since the computational domain has omitted the outermost lining layers (ramming mass, furnace 

shell, etc.). The effect of the thermal conductivities of the lining materials on the asymptotic hearth state 

was also examined, as outlined in Table 4. Like in the previous sensitivity analysis, the first row again 

represents the base case. To support the quantitative analysis in the following section, three parameters 

characterizing the erosion extent were introduced as illustrated in Figure 3. The “left-side” erosion depth, 

dL, is defined as the distance between the uppermost point on the erosion line opposite the taphole and 

the corresponding point on the initial lining. The “right-side” erosion depth, dR, is defined in the same 

way, but at the taphole. Finally, the erosion depth in the middle, dM, expresses the erosion depth along 

the central line. The erosion depth parameters for Cases 2.1-2.8 and Cases 1.1-1.9 are reported in Table 

4 and Table 5, respectively. 

 

Figure 3. Schematic of the three erosion depths at different locations. 
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Table 3. Sensitivity analysis of the operating conditions on hearth erosion and skull buildup. Sidewall 

refers to ③ and bottom to ④ in Fig. 2. 

Case No. 

Inlet velocity 

×104 

m/s 

Deadman 

porosity 

- 

Inlet temp. of 

hot metal 

K 

Sidewall 

temp. 

K 

Bottom temp. 

K 

1.1 1.0 0.3 1773 423 423 

1.2 0.5 0.3 1773 423 423 

1.3 1.5 0.3 1773 423 423 

1.4 1.0 0.1 1773 423 423 

1.5 1.0 0.5 1773 423 423 

1.6 1.0 0.3 1723 423 423 

1.7 1.0 0.3 1823 423 423 

1.8 1.0 0.3 1773 523 423 

1.9 1.0 0.3 1773 423 523 

 

Table 4. Sensitivity analysis of the thermal conductivities of the lining materials and the corresponding 

erosion depths (cd. Fig. 3). 

Case No. 
λCP 

W/(m·K) 

λSCB 

W/(m·K) 

λMCB 

W/(m·K) 

λCB 

W/(m·K) 

dL 

(m) 

dM 

(m) 

dR 

(m) 

2.1 2.0 20.5 10.6 7.2 0.268 0.501 0.249 

2.2 5.0 20.5 10.6 7.2 0.258 0.501 0.249 

2.3 2.0 10.3 10.6 7.2 0.268 0.533 0.410 

2.4 2.0 41.0 10.6 7.2 0.268 0.490 0.120 

2.5 2.0 20.5 5.3 7.2 0.624 0.813 0.260 

2.6 2.0 20.5 21.2 7.2 0.031 0.329 0.238 

2.7 2.0 20.5 10.6 3.6 0.290 1.093 0.260 

2.8 2.0 20.5 10.6 14.4 0.247 0.329 0.238 
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III. Results and Discussion 

A. Effect of Operation Conditions 

Figure 4 shows the evolutions of the volumes of the liquid pool, remaining lining, and the skull during 

the calculation cycles in the solution of the base case (Case 1.1 in Table 3). Figure 4a shows that the 

refractory lining is gradually eroded as the calculation proceeds and that, correspondingly, the liquid pool 

grows. Also, the skull volume shows initial dynamics but soon stabilizes. After 60 calculation cycles, the 

model assumes a stationary state. To reach a fully converged solution, the number of calculation cycles 

was set to 80 for all the cases to be presented. The iterative procedure is relatively fast, and each case 

takes 0.5-1 hours on a standard desktop computer. 

 

Figure 4. Evolutions on volumes of liquid pool and remaining lining (a) and resulting skull (b) for the 

base case (Case 1.1 in Table 3). 

 

The calculated hearth profile, hot metal streamlines, and temperature distribution for the base case are 

presented in Fig. 5. The general flow pattern of the hot metal is depicted by the streamlines of Fig. 5a: 

Close to the taphole, the iron tends to move directly towards the outlet, whereas it from the far-taphole 

side initially flows downwards towards the hearth bottom and then turns upwards as it approaches the 

outlet. The hearth profile exhibits a “bowl-shaped” (also called “pot-shaped”) erosion type that has also 
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been encountered in practice. The ceramic pad (CP), which serves as the first “thermal barrier”, separates 

the high-temperature liquid and the bottom part of the MCB, is severely eroded and has disappeared in 

the central region. A small portion of MCB is also lost here and the hearth bottom lining is thinnest in 

the central region. The upper sidewalls are also worn to some extent, and particularly at the upper end of 

the simulated domain, where hot metal flows with a relatively high speed. As indicated in Table 5, the 

upper sidewall has worn by about 0.25 m while the erosion of the central part of the bottom is twice as 

large. Very little skull is formed and only at the joint between the left sidewall and ceramic pad: the skull 

formation is facilitated by a low velocity of the iron. This agrees well with operation experience and with 

the guidelines for BF hearth design. The formed skull layer can work as an autogenous refractory lining 

since it serves the same function. However, the growth of the skull layer should be controlled in order to 

avoid an excessive decrease in the available hearth volume, which is also of importance for the overall 

performance of the BF. The thermal contours presented in Fig. 5b show that while the temperature 

distributes uniformly in the liquid pool, the solid materials show a high temperature gradient due to the 

lower heat conductivity (cf. Table 2), in particular for the skull and remaining CP regions. 
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Figure 5. Calculated hearth profile (a) and temperature distribution (b) for the base case. 

 

Table 5. Erosion ratios (%) of different refractory materials and erosion depths for cases 1.1-1.9. 

Case No. CP MCB SCB dL (m) dM (m) dR (m) 

1.1 85.1 4.3 12.4 0.268 0.501 0.249 

1.2 53.3 0.5 4.8 0.128 0.297 0.152 

1.3 95.6 15.8 20.4 0.376 0.749 0.313 

1.4 71.5 1.1 10.0 0.182 0.351 0.216 

1.5 91.3 10.3 15.0 0.333 0.652 0.270 

1.6 71.7 1.1 9.4 0.182 0.351 0.216 

1.7 92.2 11.0 16.0 0.333 0.652 0.270 

1.8 88.0 6.3 14.9 0.333 0.533 0.281 

1.9 89.8 8.7 13.1 0.268 0.641 0.249 
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The effect of the inlet velocity, which reflects the production rate of the BF, is illustrated in Fig. 6b and 

6c (Cases 1.2-1.3), where the calculated hearth profiles for states with ∓ 50 % changes in the production 

rate are shown. To facilitate comparison, the result of the base case is depicted in the top panel of the 

figure (and in forthcoming corresponding figures). The reduction of the production rate (Fig. 6b) is seen 

to reduce the extent of the wear of the bottom CP, particularly at its outer edges, and the wall erosion is 

also considerably less severe than in the base case: the extent of the erosion reported in Table 5 is about 

half of that observed in the base case. Skull is seen to form in the region where the sidewall meets the 

bottom, and particularly opposite the taphole. The results thus demonstrate the well-known remedy of 

preventing erosion in the final stages of the campaign by lowering the hot-metal production rate. By 

contrast, the liquid pool is considerably enlarged as the production rate is increased (Fig. 6c), the CP 

practically disappears and the walls are much or strongly eroded, particularly at the taphole. For this case, 

the d parameters show an increase in the extent of erosion of about 50% (cf. row 3 of Table 5). 
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Figure 6. Effect of iron inlet velocity on the asymptotic hearth state. Conditions: dead man porosity: 0.3, 

inlet temperature of hot metal: 1773 K, sidewall temperature: 423 K, bottom temperature: 423 K, inlet 

velocity: 1.0×10–4 m/s (a-Case 1.1), 0.5×10–4 m/s (b-Case 1.2), 1.5×10–4 m/s (c-Case 1.3).  

 

Based on dissection experiments and mathematical modelling,[29,30] the porosity of the deadman coke 

bed is known to vary with respect to space and time. The effect of the coke-bed porosity is shown in Fig. 

7, where Fig.7b shows the base-case results, and Fig.7c and Fig. 7d the results for 𝜀 = 0.1 and 𝜀 = 0.5 

(Cases 1.4 and 1.5). To allow for a better comparison of the cases, Fig. 7a illustrates the inner profiles of 

the hearth for the three cases. Despite the dramatic change in porosity, the asymptotic lining state is only 

moderately affected, with changes of about ∓ 30% in the erosion parameters (cf. Table 5). In fact, the 

results show a strong resemblance to the results of the perturbation of the production rate (cf. Fig. 6), but 

the present changes are smaller. This can be intuitively understood since an increase/decrease in porosity 

raises/lowers the velocity of iron in the domain. 
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Figure 7. Effect of coke-bed porosity on the hearth state. (a) Combined erosion lines for three cases 

(Case 1.1: solid line, Case 1.4: dashed line, Case 1.5: dash-dotted line). Conditions: inlet velocity: 

1.0×10–4 m/s, inlet temperature of hot metal: 1773 K, sidewall temperature: 423 K, bottom temperature: 

423 K, dead man porosity: 0.3 (b-Case 1.1), 0.1 (c-Case 1.4), 0.5 (d-Case 1.5). 

 

Naturally, the temperature of the iron that enters also plays a role for the thermal state of the hearth, and 

therefore also for the asymptotic lining state. Even though the hot metal temperature is controlled in the 

practical operation, the set-point may vary (e.g., depending on the downstream processing requirements) 

and the heat losses in the hearth also affect the final hot metal temperature. The temperature of the iron 

that enters the domain was therefore perturbed by ∓ 50 K from the base-point value, yielding the results 

depicted in Fig. 8. The resulting asymptotic hearth states are found to be very similar to the results of the 

changes in coke-bed porosity: the lower temperature results in a hearth state where the erosion line has 
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no progressed into the microporous carbon layer in the center, and the walls are less worn, while the 

higher iron temperature leads to a bowl-shaped erosion with practically no skull. 

The effect of the outer temperature of the lining on the final heart state is illustrated in Fig. 9, where the 

temperature of the boundary of the sidewall and bottom (③ and ④ in Fig. 2) were, in turn, raised by 

100 K. The higher wall temperature (Case 1.8, Fig. 9c) increases the wall erosion slightly, while the 

bottom temperature has an increasing effect on the bottom erosion (Case 1.9, Fig. 9d), but the effect is 

rather small (as shown in Fig. 9a and in Table 5). From this, it can be concluded that the system is not 

sensitive to the cold-face temperature. This is understandable, since the “driving force” is the difference 

between the internal and external temperatures, and an increase of 100 K represents a change in the 

difference of less than 10 %.  

 

Figure 8. Effect of iron inlet temperature on the hearth state. Conditions: inlet velocity: 1.0×10–4 m/s 

dead man porosity: 0.3, sidewall temperature: 423 K, bottom temperature: 423 K, inlet temperature of 

hot metal: 1773 K (a-Case 1.1), 1723 K (b-Case 1.6), 1823 K (c-Case 1.7).  
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Figure 9. Effect of temperatures at the outer part of the sidewall and bottom on the hearth state. (a) 

Combined erosion lines for three cases (Case 1.1: solid line, Case 1.8: dashed line, Case 1.9: dash-dotted 

line). Conditions: inlet velocity: 1.0×10–4 m/s, dead man porosity: 0.3, inlet temperature of hot metal: 

1773 K, (b-Case 1.1) sidewall temperature: 423 K, bottom temperature: 423 K, (c-Case 1.8) sidewall 

temperature: 523 K, bottom temperature: 423 K, (d-Case 1.9) sidewall temperature: 423 K, bottom 

temperature: 523 K. 

 

Summarizing the findings of the analysis, the erosion ratio of different refractories in the hearth, i.e., CP, 

MCB, and SCB, is listed in Table 5 for Cases 1.1-1.9 (where the corresponding erosion depths are shown 

in the last three columns). In general, the ceramic pad (CP) was heavily eroded under a wide range of 

operating conditions, while the sidewall lining (MCB) opposite the taphole shows least erosion. Also, it 

can be seen from Figs. 6-9 and Table 5 that hearth erosion can be controlled by reducing the production 

rate or decreasing hot metal temperature. Naturally, the former measure has a strong effect on the 
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production economics of the plant, while for the latter the downstream processing requirements may 

dictate a lower limit of the hot metal temperature. Furthermore, the effect of temperature on the fluidity 

of the slag should be considered. The ways of directly controlling the coke-bed porosity are limited, but 

center charging of high-quality and relatively inert coke has been suggested as a means.[31] As for the 

effect of cooling conditions was find relatively small, which agrees well with the findings by Kumar.[32] 

One reason is here that the ceramic pad with its very low thermal conductivity can dampen the effect of 

the hearth bottom temperatures.  

B. Sensitivity of thermal conductivities 

The thermal conductivities of the lining may vary depending on the manufacturer and the specific 

properties required for the lining materials. Furthermore, the lining materials are known to exhibit some 

structural changes with time when exerted to the hostile and changing environment in the blast furnace 

hearth. This section analyzes the effect of the thermal conductivities of the lining materials on the 

asymptotic hearth state, applying the perturbations outlined in Table 4.  

The ceramic pad is first studied, but since its thermal conductivity was low in the base case, only the 

effect of an increase in the thermal conductivity was studied. Figure 10 shows how an increase from 

𝜆CP = 2.0 W/(m·K) (Fig. 10b, base case) to 𝜆CP = 5.0 W/(m·K) (Fig. 10c) affects the hearth state. The 

change is not large (as shown in Fig. 10a), since the new thermal conductivity is still clearly lower than 

those of the other lining materials: the hearth bottom is somewhat more uniformly worn, but the overall 

inner profile is very similar to that of the base case. 
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Figure 10. Effect of thermal conductivity of the ceramic pad (sky blue region) on the hearth state. (a) 

Combined erosion lines for two cases (Case 2.1: solid line, Case 2.2: dashed line). Conditions: 

𝜆SCB: 20.5 W/(m·K) , 𝜆MCB: 10.6 W/(m·K) , 𝜆CB: 7.2 W/(m·K) , 𝜆CP: 2.0 W/(m·K)  (b-Case 2.1), 

5.0 W/(m·K) (c-Case 2.2). 

 

As super-micropore carbon is used in the taphole region, the effect of the thermal conductivity is stronger. 

In this study, the original value was halved (Case 2.3) or doubled (Case 2.4), with the results depicted in 

Fig. 11b and 11c. For the lower conductivity (𝜆SCB = 10.3 W/(m·K)), the sidewall on the taphole side 

is considerably worn while doubling the conductivity gives rise to a final hearth state with very little 

sidewall erosion under the taphole. Interestingly, the larger wear of the sidewall on the taphole side is in 

Fig. 11b also seen to increase the wear in the center of the bottom, while the opposite holds for Case 2.4 

(Fig. 11c), which is also observed in Table 4. The reason for this is that the more/less extensive wear 

affects the flow path of the hot metal, as seen in Fig. 12, which shows the velocity distribution of the 

three cases. 
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Figure 11. Effect of thermal conductivity of the super-micropore carbon brick (violet region) on the 

hearth state. Conditions:  𝜆CP: 2.0 W/(m·K) , 𝜆MCB: 10.6 W/(m·K), 𝜆CB: 7.2 W/(m·K), 𝜆SCB: 20.5 W/
(m·K) (a-Case 2.1), 10.3 W/(m·K) (b-Case 2.3), 41.0 W/(m·K) (c-Case 2.4). 

 

 

 

Figure 12. Hot metal velocities near the hearth bottom region for the three cases, Case 2.1(a), 2.3(b) and 

2.4(c), of Fig. 11. 
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The microporous carbon brick (blue region) is used both in the sidewall opposite the taphole and in the 

bottom below the ceramic pad, so the effect of its thermal conductivity is more complicated than for the 

other cases. As in the analysis of the super-micropore carbon brick, the original value was halved (Case 

2.5) or doubled (Case 2.6), yielding the results in Fig. 13b and 13c. The former case ( 𝜆MCB =

5.3 W/(m·K)) leads to a very bowl-shaped hearth profile, where the sidewall on the taphole side is only 

slightly worn, while the latter case results in practically no wear of, but instead a quite considerable skull 

formation on the lower sidewall opposite the taphole, and a flatter bottom profile. 

 

 

Figure 13. Effect of thermal conductivity of the micropore carbon brick (blue region) on the asymptotic 

hearth state. Conditions:  𝜆CP: 2.0 W/(m·K) , 𝜆SCB: 20.5 W/(m·K), 𝜆CB: 7.2 W/(m·K), 𝜆MCB: 10.6 W/
(m·K) (a-Case 2.1), 5.3 W/(m·K) (b-Case 2.5), 21.2 W/(m·K) (c-Case 2.6). 
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The effect of the thermal conductivity of the lowest bottom layer, i.e., the carbon brick (orange region) 

was also studied by halving (Case 2.7) or doubling (Case 2.8) the original value, with results depicted in 

Figs. 14b and 14c. Quite naturally, the effect is mainly seen in the extent of the bottom wear, but the 

former change has also had implications for the lower part of the sidewall lining. Figure 14b shows that 

the ceramic pad is almost fully eroded and the wear profile in the furnace center has progressed about 

0.7 m into the microporous carbon brick layer, practically consuming this layer in the furnace center. By 

contrast, an increase in the thermal conductivity of the carbon brick retards the bottom erosion and 

prevents it from reaching the microporous carbon brick layer. 

 

Figure 14. Effect of thermal conductivity of the carbon brick (orange region) on the asymptotic hearth 

state. Conditions:  𝜆CP: 2.0 W/(m·K) , 𝜆SCB: 20.5 W/(m·K) , 𝜆MCB: 10.6 W/(m·K) , 𝜆CB: 7.2 W/(m·K) 

(a-Case 2.1), 3.6 W/(m·K) (b-Case 2.7), 14.4 W/(m·K) (c-Case 2.8). 

 

In the hearth lining, gaps may form between the bricks or the lining layers, as a result of thermal stresses 

in the refractory during the campaign. A permanent gas-filled gap represents a local low thermal 
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conductivity zone (LTCZ), which affects the local heat transfer from the hearth to the cooling system, 

which may affect the local hearth erosion. In practice, such gaps are known to occur, but their extent and 

the degree of thermal contact between the bricks are hard to estimate during the furnace campaign. A 

detailed theoretical investigation of a gap is complicated by the unknown geometry, the role of radiation 

in the heat transfer, and the lack of measurements for validating the model. Still, in order to qualitatively 

examine the influence of a gap on the hearth erosion, a case with a local LTCZ in the super-micropore 

carbon brick sidewall lining was simulated. A local 0.2 m × 0.5 m region of this sidewall, depicted in 

yellow in Figure 15, was given a low thermal conductivity, 0.4 W/(m·K), and the resulting asymptotic 

hearth state was solved with all other parameters set as in the base case. The resulting erosion profiles 

and temperature contours of this case and the base case are depicted in Figure 16. Even though the 

thermal conductivity of the zone differs considerably from that of the surrounding lining, the effect is not 

dramatic and the overall inner profile is not affected much (Fig. 16a). This is because the high 

conductivity of the super-micropore lining allows for quite efficient heat extraction “around” the local 

zone. 

 

Figure 15. Hearth with a local low thermal conductivity region (indicated in yellow). 
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Figure 16. Erosion profiles and temperature contours. (a) Combined erosion lines for two cases (Base 

case: solid line, Case with a local LTCZ: dashed line). (b) Temperature contour of the base case. (c) 

Temperature contour of the case with a local LTCZ. 

 

C. Adjusted operation conditions of an eroded hearth 

If a blast furnace hearth has experienced excessive hearth wear during the campaign, or if the campaign 

is to be extended beyond the planned length, certain changes in the operation parameters can be made to 

prevent, or at least slow down, further erosion. The general idea is to generate a skull that would protect 

the remaining lining for the rest of the campaign. In special cases, it is possible to implement further 

cooling, e.g., of the bottom, but the feasible means are limited. Here, two well-known measures that are 

easily implemented, but which indeed affect the production economics of the BF, are analyzed by the 

model. The first is to limit the production rate and the second is to lower the temperature of the hot metal 

that reaches the hearth. To study this, the model was first to run to the asymptotic state using the base-

case setup (Case 3.1), after which either a decrease in the iron inlet velocity to 0.05 mm/s (Case 3.2) or 
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in the iron inlet temperature to 1723 K (Case 3.3) was implemented, and the model was run to a new 

steady state. The simulation results are illustrated in Figure 17, where the end state of the base case (Fig. 

17a) represents the starting state of the revised operation periods, leading to the results depicted in Fig. 

17b and Fig. 17c. The parameters of the erosion depths for the three states are: Case 3.1: dL = 0.268 m, 

dM = 0.501 m, dR = 0.249 m; Case 3.2: dL = 0.204 m, dM = 0.329 m, dR = 0.184 m; Case 3.3: dL = 0.236 

m, dM = 0.426 m, dR = 0.216 m. The reduction in the production rate is seen to result in a skull layer that 

covers the whole hearth, thus protecting the lining. Interestingly, this hearth state is quite different from 

the asymptotic one for a furnace with the same, but permanently, lower production rate, as seen by 

comparison with the results of Case 1.2 depicted in Fig. 6b, and by the different d values (cf. Table 5). 

Obviously, this is due to the different thermal conductivity of the skull layer and the lining materials.   

Lowering the iron inlet temperature, in turn, also creates a skull layer, which is much thinner and thus 

less protective, but the effect of this on the overall state of the plant is less drastic. A lower hot metal 

temperature has some implications for the BF process, such as a smaller margin in case of disturbances 

that cool the hearth, and also for the downstream converter process, where less scrap can be melted after 

the change, but the effect on the economy of the plant is smaller.  
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Figure 17. (a) Erosion profile and temperature contours of base case, which acts as the starting point for 

the new calculations. New erosion profile and temperature contours after (b) halving the iron inlet 

velocity, and (c) lowering the inlet temperature of the iron by 50 K. 

 

IV. Conclusions and Future Perspectives 

A comprehensive two-dimensional CFD model has been outlined with the purpose of estimating the 

asymptotic refractory erosion and skull buildup in the blast furnace hearth. Based on calculated fluid 

flow and temperature distribution, the model predicts the inner hearth profile, which is obtained after 

erosion of the lining or possible formation of buildup (skull) on cold regions. Special attention has been 

devoted to establishing a unified form of the energy equation that is valid for both the liquid and solid 

phases in the computational domain. As a consequence, the liquid-solid hot faces in the hearth can be 

implicitly tracked. The general structure and calculation procedures of the model have been described in 

the paper, where the results of a set of simulations have been selected to show the applicability and 

versatility of the model. Overall, the results of the analysis agree well with practical experience of the 
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factors that play a decisive role for the performance of the BF hearth. The model quantifies the findings 

and may therefore support the plant personnel in their decision-making.  

It should be kept in mind that the model only considers hearth erosion from a thermal perspective and 

not based on mechanical wear or stress. Further, as the model is static, it grossly simplifies the view, 

which, on the other hand, makes it possible to use it on a routine basis for sensitivity analysis without 

prohibitive computational demand. The main potential of the model is its use as a tool for assessing the 

importance of different factors in the design of the hearth refractory and operation. However, as 

illustrated in the last set of examples, the model can also be used as a decision support when actions are 

taken to address a problem (e.g., excessive wear) that has occurred. Furthermore, the model can also be 

applied to identify possible causes of observed anomalies, as outlined in the example on the effect of a 

low thermal conductivity zone in the wall, but such use requires an iterative what-if analysis by the user.     

Potential further developments of the model are to consider coke-free zones between the dead man and 

the (remaining) lining. To make this meaningful, the model should simultaneously estimate the (average) 

floating level of the deadman, e.g., by the procedure outlined in ref. [3]. In conjunction with this, it is 

likely that turbulence should be considered in the model. Also, natural convection is likely to play some 

role for the flow field,[4,6,7,12,14,15,16,33] which could be analyzed by revising the assumption of constant 

hot metal density. Also the supply of hot metal to the simulated domain could be studied since recent 

numerical investigations have stressed the role of the burden distribution on this variable.[34] It would 

also be possible to extend the model to three dimensions, but a drawback of this is that it would prolong 

the computation time substantially.  
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