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Abstract: To address the challenge of efficient and eco-friendly cleaning of slag deposits on heat transfer surfaces in waste-to-

energy boilers, this study systematically investigated the dynamic damage evolution mechanism and critical process thresholds of

slag layers under dry ice particle impact based on finite element explicit dynamics analysis. Single-particle impact and equivalent

pulse stress wave impact numerical models were established to determine key parameter thresholds for dry ice cleaning, and the

full process of high-frequency continuous sweeping cleaning was reproduced. The results showed that distinct critical thresholds ex-

isted for single-particle impact; the critical impact velocity was 30 m/s, and the optimal nozzle inclination angle ranged from 70°

to 90°. Under multi-pulse cyclic loading, slag damage underwent a three-stage nonlinear evolution: micro-damage incubation -rap-

id crack network propagation-macroscopic bulk spalling. The stepwise fluctuation of system kinetic energy was highly synchronized

with the progressive interface debonding process. An equivalent pulse pressure of 45.00 MPa was identified as the critical spalling

threshold; when the load increased to 50.00 MPa, damage evolution entered a saturation plateau. The strong consistency between

experimental morphology observations and simulation results verified the reliability of the proposed model. This work revealed the

intrinsic nonlinear cumulative damage mechanism of dry ice cleaning, defined an efficient and low - damage process window, and

provided a quantitative theoretical basis for intelligent operation and maintenance of boiler heat transfer surfaces in power plants.

Key words: dry ice cleaning; slagging; finite element analysis (FEA) ; explicit dynamics
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Fig. 1 The models of finite element analysis on dry ice cleaning
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Table 1 The key physical parameters in FEA
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Fig. 2 The typical cloud charts of the max principal stress in single particle shocking
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Fig. 3 The main characteristics by single particle shocking
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Fig. 4 The effect of impact angels on the max

principal stress evolving with time
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Fig. 5 The morphologies of slag failure under different peak pressure
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