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Abstract

To tackle the key technical bottlenecks—low heat transfer efficiency and uneven reduction in tra-
ditional rotary hearth furnace direct reduction ironmaking, this study combines mesoscale science
and intelligent technologies for multi-scale coupling and mesostructure optimization. By integrat-
ing thermogravimetric and hanging basket dual tests with chaotic feature recognition and power
spectrum analysis, a 3D diffusion model for carbothermic reduction of high-phosphorus iron ore is
built, and a multi-dimensional correlation system between mesoscale structures and smelting per-
formance is established. This research discovers the double “c0” chaotic attractor of carbon-bearing
pellets, reveals reduction mechanism differences between pure iron oxide and CaO-bearing ore sys-
tems, and clarifies the quantitative relationship between dynamic mesoscale evolution and macro-
scopic properties. After full-cycle verification and targeted regulation, the radiant heat transfer ef-
ficiency hits 62% and heat utilization efficiency reaches 78%. The findings offer solid technical sup-
port for low-carbon intelligent upgrading of the steel industry and efficient exploitation of low-
grade iron ore resources.
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Figure 1. Model effect of three-dimensional diffusion mechanism
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Figure 2. (a) Power spectrum of pure iron oxide reduction; (b) Power spectrum of iron oxide reduction in CaO-containing ore
system
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Figure 3. Phase space trajectory of DTG signal chaotic attractor for carbon-containing pellet reduction
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