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Abstract: To investigate the flow and heat transfer process of blast furnace slag through the slag trench after the slag is discharged, a three-dimensional physical model is established and simulated according to the actual size of the slag trench and the physical properties of the high-temperature slag. The temperature field and flow field distribution of the high-temperature slag liquid inside the slag trench is obtained by numerical simulation under different working conditions, and the effects of operating conditions such as slag trench inclination, high-temperature slag inlet flow rate, and inlet temperature are investigated. The results show that the flow rate of high-temperature slag is related to the slope of the slag trench, the greater the slope of the slag trench, the higher the flow rate of high-temperature slag, in which the highest average speed can reach 2.23 m/s when the slope is 8%; changing the inlet flow rate, flowing through the slag trench, the high-temperature slag reaches the highest flow rate at the same position, the overall flow rate changes tend to rise first and then decrease, and the greater the inlet flow rate, the higher the temperature change of high-temperature slag. The higher the inlet flow rate, the higher the temperature change of high-temperature slag, the higher the temperature of high-temperature slag out of the slag trench; the higher the inlet temperature, the higher the overall flow rate of high-temperature slag, and the position of the highest flow rate is relatively backward.
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1  Introduction

To investigate the flow and heat transfer process of blast furnace slag through the slag trench after the slag is discharged, a three-dimensional physical model is established and simulated according to the actual size of the slag trench and the physical properties of the high-temperature slag. The temperature field and flow field distribution of the high-temperature slag liquid inside the slag trench is obtained by numerical simulation under different working conditions, and the effects of operating conditions such as slag trench inclination, high-temperature slag inlet flow rate, and inlet temperature are investigated. The results show that the flow rate of high-temperature slag is related to the slope of the slag trench. The greater the slope of the slag trench, the higher the flow rate of high-temperature slag, in which the highest average speed can reach 2.23 m/s when the slope is 8%; changing the inlet flow rate, flowing through the slag trench, the high-temperature slag reaches the highest flow rate at the same position, the overall flow rate changes tend to rise first and then decrease, and the greater the inlet flow rate, the higher the temperature change of high-temperature slag. The higher the inlet flow rate, the higher the temperature change of high-temperature slag, the higher the temperature of high-temperature slag out of the slag trench; the higher the inlet temperature, the higher the overall flow rate of high-temperature slag, and the position of the highest flow rate is relatively backward.

High energy consumption is a typical characteristic of the iron and steel industry, and how to further reduce energy consumption is one of the key points of energy conservation in China [1], where blast furnace slag is one of the main by-products produced in the process of steel production, and the slag temperature of blast furnace slag is high, which can reach 1723~1923 K. On average, 350 kg of blast furnace slag [2,3] are produced for each meal of pig iron, so the production of blast furnace slag is very large. And because of its own high temperature, blast furnace slag is rich in heat at the same time. Previously, the domestic and foreign ways to utilize blast furnace slag was the water quenching method [4]. This method only recycles the resources of blast furnace slag. At present, except for a few cities in the north of the winter water quenching slag hot water used for residential heating [5], blast furnace slag contains sensible heat and basically has not been recycled, and a large amount of water resources are wasted. Waste heat recovery from high-temperature slag is the latest potential way to significantly reduce energy consumption and carbon dioxide emissions in the iron and steel industry [6,7] and can improve the heat recovery rate [3,8,9]. In addition to wet recycling of blast furnace slag, there are also dry recycling methods. The blast furnace slag dry treatment process first emerged in the mid-twentieth century in Europe. In the seventies, Japan also conducted in-depth research on dry granulation of blast furnace slag treatment process, and at the beginning of the twenty-first century, Australia’s CSIRO likewise reported a similar work [10]. Dry granulation and recycling [11,12] to treat blast furnace slag are rotary cup granulation [13], rotary cylinder granulation [14,15], air quenching granulation [16,17] and so on.

For the heat transfer of blast furnace slag has been studied by several scholars previously, Qiu [18] and others based on the CFD-DEM coupling method to analyze the numerical simulation of the waste heat recovery process of blast furnace slag mixed with multiple particle sizes and the results show that the two different particle sizes of blast furnace slag mixed with the lowest exit temperature, the highest gas exit temperature, and the best heat transfer effect after the heat exchange. Gao et al. [19] established a two-dimensional symmetric model to describe the crystallization behavior of blast furnace slag droplets by enthalpy method. The results showed the changing law of local cooling rate and crystalline phase distribution. The relationship equations of average cooling rate and final crystalline phase content with dimensionless parameters were established for predicting the slag quality under different operating conditions. Xing et al. [20] established a physical and mathematical model for the solidification of spherical steel slag with single particles, examined the influence of slag particle diameter on the effect of particle heat transfer, and analyzed the heat transfer of blast furnace slag, which provided some guidance for the subsequent granulation system involved. Wang [21] and others conducted experiments on granulated slag, taking into account factors such as the yield and performance of granulated steel slag, the optimal dosing of blast furnace slag is about 15%, and explored the heat exchange effect of high-temperature slag particles in the gas quenching state. Feng [22] and others simulated and analyzed the process of slag collision with phase change and heat transfer in flight based on the dry granulation heat recovery technology of blast furnace slag. Xiang [23] and others established a numerical model for the process of molten blast furnace slag droplets impacting the wall with coupled phase change heat transfer and crystallization behavior and simulated the dynamic behavior, heat transfer, and crystallization characteristics of molten blast furnace slag droplets impacting the wall with different droplet diameters, impact velocities, and wall surface conditions. Gu [24] and others investigated the changes in the precipitation phase and specific heat of air-quenched steel slag (AQSS) particles during continuous cooling using FactSage and thermogravimetric analysis differential scanning calorimetry. The cooling and solidification processes of molten AQSS particles were simulated by Fluent. The results showed that the precipitation of Ca2Fe2O5 led to the largest change in specific heat during the cooling process of molten AQSS particles. Zhang et al. [25] investigated by numerical simulation how to improve the efficiency and effectiveness of mechanical stirring on the modification of hot slag, and the dispersion of the final modifier particles depended on the axial circulating velocity and turbulent kinetic energy on the hot slag surface. The dynamic steady state of particle motion in each region can be obtained within 8 s by mechanical stirring. Yang [26] used MFiX software to numerically simulate the flow and heat transfer process of blast furnace slag particles around anisotropic heat exchanger tubes to study the heat transfer process of blast furnace slag particles around anisotropic tubes, and the results showed that when the heat exchanger tube bundles were arranged in forked rows, the particles flowed better, which strengthened the perturbation between the particles, and also the temperature distribution of the particles was more uniform.

But the current research is limited to blast furnace slag discharge slag ditch after the treatment. The blast furnace discharge flow through the slag ditch part of the research is still lacking. This paper for high-temperature slag discharge flows through the slag ditch part of the research. In this study, a three-dimensional slag trench model was constructed to simulate the flow of high-temperature slag from the slag outlet into the internal slag trench and the heat transfer process, combined with the standard k-ε turbulence model for numerical simulation. The velocity field, as well as the temperature field, were analyzed, and the effects of slag trench inclination, incoming high-temperature slag flow rate, and incoming high-temperature slag temperature on the heat transfer and flow characteristics of high-temperature slag inside the slag trench were discussed. The intention is to explore clearly after the blast furnace slag discharge, flow through the slag ditch part of the high-temperature slag flow and heat transfer, to explore the slag ditch high-temperature slag flow field as well as the distribution of the temperature field, with the aim of the subsequent establishment of a digital slag ditch to provide a theoretical basis for providing the appropriate guidance.

2  Model Building

2.1 Physical Model and Fixed Solution Conditions

The actual slag trench is shown in Fig. 1a. In real life, the high-temperature slag flows through the slag trench to the next step to continue to use. Physical modeling is shown in Fig. 1b. This paper reasonably simplifies the operation; the inlet is the velocity inlet, and the outlet is the outflow boundary. Grid division is as shown in Fig. 1c, this paper uses tetrahedral mesh to divide the whole model. The final grid number is 386880, and the number of nodes is 1638707.
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Figure 1: (a) Actual slag trench; (b) Physical modeling (c) Grid delineation

The density of high-temperature liquid slag is 2800 kg·m−3, and the specific heat capacity is 1302 J·kg−1 [27]. The viscosity of blast furnace slag is highly dependent on the temperature as well as on its material content [28,29], the viscosity of high-temperature slag is defined by the following equation, and the slag viscosity can be obtained using the Urbain model [30]. In the equation, A and B are parameters that depend entirely on the composition of the high-temperature slag. The empirical correlation between parameters A and B is shown in equations where A is in Pa·s·K−1, and B is in K.

η=(ATexp⁡(103BT))0.1(1)

−ln⁡A=0.2693B+11.6725(2)

B=B0+B1N+B2N2+B3N3(3)

{B0=13.8+39.9355α−44.049α2B1=30.481−117.1505α+129.9978α2B2=−40.9429+234.0486α−300.04α2B3=60.7619−153.9276α+211.1616α2(4)

α=∑MO∑MO+∑Al2O3=CaOCaO+Al2O3(5)

where MO is the molar fraction of the network modifier, and Al2O3 is the total molar fraction of the slag particles sum.

2.2 Mathematical Model

The high-temperature slag flows inside the slag trench, and its flow law needs to be solved by the following equations [31], which need to be solved by combining the mass conservation equation, the momentum equation, the energy conservation equation, and the heat transfer equation. In the high-temperature slag flow, turbulence is fully developed and is described by the standard k-ε dual equation closed steady-state Reynolds time-averaged Navier-Stokes equations.

The conservation of mass equation is

∂(ρu)∂x+∂(ρv)∂y+∂(ρw)∂z=0(6)

where ρ is the density of the high-temperature slag, kg·m−3; u, v, w are the velocities of the high-temperature slag along the x, y, z directions, m·s–1, respectively.

The momentum equation is

∂∂xj(ρuiuj)=−∂p∂xi+∂∂xj[(μ+μt)(∂ui∂xj+∂uj∂xi)]+ρg(7)

where xj is the coordinate component in the i-direction, m; uj is the velocity component in the j-direction, m·s−1; p is the pressure, Pa; μ is the hydrodynamic viscosity, kg·m·s−1; μt is the turbulent viscosity, kg·m·s−1; g is the acceleration of gravity, m·s−2.

The turbulent viscosity [32] is calculated as shown in the following equation:

μt=0.0845ρk2ε(8)

where μt is the turbulent viscosity.

The energy conservation equation is

∇⋅[ρvH−(λcp+μtσH∇H)]=∑q(9)

where H is the enthalpy, J/kg; λ is the thermal conductivity, W·m−1·K−1; cp is the specific heat capacity of high-temperature slag, J·kg−1·K−1; σH is the enthalpy turbulence Prandtl number; q is the heat flow rate, W.

2.3 Grid-Independent Verification

Generally speaking, the finer the grid and the smaller the size, the more accurate the calculated results are, but at the same time, the speed of calculation decreases, and the amount of data obtained is larger. For this slag trench flow model structure, five types of meshes are adopted for calculation, 200,000, 290,000, 380,000, 620,000, and 900,000, respectively. The results obtained from the grid as a reference, respectively, compared the deviation of the calculation results obtained in different numbers of grids, and finally obtained the results shown in Table 1. We can see that the deviation of the velocity is only 0.52% when the number of grids increases from 380,000 to 900,000, so we think that the accuracy of the calculation at 380,000 grids can meet the requirements, and all the subsequent calculations in this paper use the grid division of 380,000 grids. In this paper, numerical simulations are carried out using commercial software fluent, and the governing equations as well as the boundary conditions, are described in the previous section.
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3  Results and Discussion

3.1 Effect of Tilt on Slag

As Fig. 2 gives the flow of high-temperature slag along the inside of the slag trench for different slopes when the inlet flow rate of high-temperature slag is 8 t/min and the inlet temperature is 1500°C.
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Figure 2: Cloud map of velocity distribution in the slag trench

As can be seen from the velocity cloud diagram, the high-temperature liquid slag flows from the inlet, the slag is deposited at the bottom and flows along the slag trench, the initial inlet flow rate is small, and the velocity of both is approximately the same. As the high-temperature slag is influenced by gravity, it accelerates along the slag trench direction and reaches the maximum velocity in the middle of the slag trench. Due to the surface tension and the friction of the wall, the slag is always exchanging heat with the ambient air along the slag trench after it is poured out from the blast furnace, where the main heat exchange method is radiation heat exchange. The temperature of the high-temperature liquid slag gradually decreases, and its viscosity increases sharply as the temperature decreases. According to the previously mentioned equation for the viscosity of high-temperature slag as a function of temperature, it is known that the average velocity of the high-temperature slag decelerates slowly in the middle and later stages.

As shown in Fig. 3, the average velocity diagram shows that along the length of the slag trench, the overall trend of the high-temperature slag velocity is rising and then falling, and the overall average velocity is greater at a slope of 8% than at a slope of 6%. The maximum average velocity can reach 2.23 m/s at a slope of 8%, and after reaching the maximum average velocity, the flow rate of the high-temperature slag gradually slows down. At a slope of 6%, the maximum average velocity can reach 2.15 m/s, which is slightly lower than at a slope of 8%.
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Figure 3: Variation of velocity along the length of the slurry trench for different slopes

Through the above analysis, we can know that after the high-temperature slag is discharged, the flow through the slag trench speed undergoes a process of first increasing and then decreasing, in which the temperature of the high-temperature slag changes, as shown in Fig. 4. As can be seen from the figure, the temperature of the high-temperature slag gradually decreases after the discharge, whether the slag trench with a slope of 8% or a slag trench with a slope of 6%. Inside the slag trench with a slope of 6%, the temperature of the high-temperature slag is higher than in the slag trench with a slope of 8%, where the temperature change is consistent with the change in the velocity field. In the slag trench with a slope of 8%, the flow rate of the high-temperature slag is faster, so the temperature of the high-temperature slag inside the slag trench with a slope of 8% is lower than that in the slag trench with a slope of 6% at the same position. The overall temperature drop trend is the same, and after discharge from the blast furnace interior and flow through the slag trench, the temperature of the high-temperature slag liquid is reduced by about 5 K and can be used rationally in the next step.
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Figure 4: Temperature variation along the length of the slag trench at different slopes

The temperature clouds along the slag trench direction with different cross sections are shown in Fig. 5. As can be seen from the temperature cloud diagram, after the high-temperature slag flows out, it is heat exchanged with the environment, of which the main heat exchange method is radiation heat exchange due to the high temperature of the high-temperature slag. With the flow of high-temperature slag inside the slag trench, its temperature gradually decreases, the ambient temperature gradually increases, and the air is slowly heated. And the temperature change therein shows a warming process from the middle to both sides of the diffusion.
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Figure 5: Temperature clouds of different cross-sections along the slag trench direction

3.2 Influence of Flow

Given a slurry trench slope of 6% and an inlet slag temperature of 1773 K, the inlet slag flow rate is varied to 4, 8, and 15 t/min to simulate different inlet flow rates for the real situation. By comparing the different inlet flow rates, the flow distribution of the high-temperature slag in the slag trench under different operating conditions is obtained.

Fig. 6 shows the velocity distribution along the slag trench for inlet flow rates of 4, 8, and 15 t/min, respectively. From the figure, it can be concluded that the velocity along the length of the slag trench at an inlet flow rate of 15 t/min is generally greater than that at a lower inlet flow rate, which follows the objective rule. When analyzing the three different inlet flow cases, all reach the peak velocity in the middle part, which is consistent with the previous analysis and will not be repeated here. In the inlet flow rate of 15 t/min, along the slag trench direction, the speed of high-temperature slag can reach up to 3.6 m/s. At this time, the flow rate of high-temperature slag is large, and there is a risk of danger, resulting in high-temperature slag pouring out of the results. For the two cases with flow rates of 4 and 8 t/min, the overall high-temperature slag flow rate is more gentle in the case of these two inlet flows.
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Figure 6: Velocity variation along the length of the slag trench for different inlet flows

Fig. 7 shows the temperature distribution along the slag trench direction with inlet flow rates of 4, 8, and 15 t/min, respectively. From the figure, we can learn that after the discharge of high-temperature slag, the temperature gradually decreases, and the higher the inlet flow rate, the higher the overall temperature of high-temperature slag liquid along the length of the slag trench than the temperature of the small inlet flow rate. This is due to the large inlet flow and high-temperature slag along the same slag trench flow. The shorter the flow through time, the same shorter the heat transfer time. The viscosity of high-temperature slag is related to its temperature. High-temperature slag is less viscous at higher temperatures, subject to less viscous force, and therefore flows faster.
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Figure 7: Temperature variation along the length of the slag trench for different inlet flows

3.3 Influence of Inlet Temperature

Given an inlet flow rate of 8 t/min and a slag trench slope of 6%, the temperatures of the incoming high-temperature slag are varied to 1673, 1773, and 1873 K, respectively, to simulate the real situation where the high-temperature slag flows into the slag trench at different temperatures and stays out through the slag trench. The velocity distribution of high-temperature slag inside the blast furnace slag trench under different working conditions is obtained by comparing the situation of high-temperature slag with different inlet temperatures.

Fig. 8 shows the velocity distribution of the high-temperature slag along the slag trench for inlet high-temperature slag temperatures of 1673, 1773, and 1873 K, respectively. From the previous section, it is clear that the viscosity of the high-temperature slag is highly temperature dependent and changes sharply with the temperature. Overall, the higher the temperature of the incoming high-temperature slag, the higher the average velocity, where the overall velocity of the high-temperature slag flowing inside the slag trench is maximum at 1873 K, and the maximum velocity can reach 2.75 m/s. From the point of view of reaching the maximum velocity, the higher the temperature, the closer the outlet reaches the maximum velocity, which is also due to the viscosity of the high-temperature slag related to the temperature, so it has been accelerated by gravity. Therefore the higher the initial temperature of the incoming high-temperature slag, the faster the flow will be and the more backward the location where the maximum velocity is reached.
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Figure 8: Velocity variation along the length of the slag trench for different inlet temperatures

In summary, this paper investigates the flow heat transfer process of high-temperature slag flowing through the slag trench and selects the inclination of the slag trench, high-temperature slag inlet flow rate, and inlet temperature as the three influencing factors. The above simulation results can show that the temperature and velocity of high-temperature slag during slag discharge are affected by the inclination, inlet flow rate, and inlet temperature. Our work can provide some data for the subsequent slag trench design, change the existing traditional slag trench, create a new type of intelligent slag trench to provide theoretical guidance, as well as for the rest of the method of utilization of high-temperature slag to provide a reference for the physical properties of the initial slag discharge.

4  Conclusion

In this paper, a three-dimensional model was established based on the process of high-temperature slag flowing through the slag trench, and the process of high-temperature slag flowing into the slag trench after slag discharge was simulated. The influence of the slag trench inclination, the inlet flow of high-temperature slag, and the inlet temperature of high-temperature slag are discussed, and the process of flow and heat transfer is analyzed to obtain the results of the flow field and temperature field of high-temperature slag flowing inside the slag trench, and the main conclusions are shown below:

(1) After the slag is discharged, it flows through the slag trench, where the velocity of the slag is related to the slope of the slag trench, and the higher the slope of the slag trench, the higher the velocity of the slag, where the highest average velocity can reach 2.23 m/s at a slope of 8%.

(2) In the case of different inlet flow rates, the greater the given inlet flow rate, the higher the velocity of the high-temperature slag flowing through the slag trench, and at the same position where the highest velocity is reached, the overall velocity trend is rising first and then decreasing, which indicates that the velocity trend of the high-temperature slag flowing through the slag trench is not related to the inlet flow rate, where the temperature change is related to the inlet flow rate, the greater the inlet flow rate, the slower the temperature change, the higher the temperature change at the outlet, the higher the temperature of the high-temperature slag liquid outlet.

(3) In the case of different inlet temperatures, the higher the given inlet temperature, the greater the overall flow rate of high-temperature slag through the slag trench. The higher the inlet temperature, the more backward the position where the maximum flow velocity is reached and the higher the maximum flow velocity.
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