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Abstract To meet the demands of lightweight design and real-time control in short-duration, high-heat-load thermal management
systems, this study investigated the transient discharge performance of a fin-and-tube phase-change cold storage unit to address the
limitations of conventional numerical simulations in simultaneously providing physical insight and online prediction efficiency. First, a
three-dimensional transient model for the external phase change material based on the enthalpy-porosity method and a one-dimensional
transient flow model for the internal refrigerant were established. A coupled three-dimensional/one-dimensional bidirectional thermal
framework was developed to reveal the transient response of the cold storage unit under the combined effects of phase-change heat transfer
and along-tube pressure drop. The results show that, under typical operating conditions, the average heat transfer rate reaches 88. 29 kW
over an 80 s operating period. As the phase change proceeds, the thickened liquid layer increases thermal resistance and continuously
weakens the heat transfer capacity of the unit. At 80 s, the along-tube pressure drop approaches 0.3 MPa, and the pressure-drop-
induced decrease in saturation temperature is identified as the primary cause of the non-monotonic inflection in the outlet temperature. To
enable rapid performance prediction, a particle swarm optimization Extreme Gradient Boosting surrogate model embedded with a transport
delay criterion and thermodynamic consistency constraints was developed. The prediction results show that the coefficients of
determination for the outlet pressure, outlet enthalpy, and average phase change material temperature of the independent test set exceed
0.98. Crucially, the transport delay criterion reduces the root mean square error of the refrigerant outlet temperature prediction from

1.214 °C 10 0. 580 °C, providing technical support for the rapid performance evaluation of phase-change cold storage systems and system-
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level model predictive control.
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Fig.1 Fin-and-tube phase change cold storage unit
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Tab.1 Structural parameters of the fin-and-tube phase

change cold storage unit

S8 HifH
H EKSME/mm 7
B B R /mm 6.5
BB /mm 600
AL L R /mm 21
AR AL R 16
JZR) 4 ] /mm 12.7
AT YN 18
R JELEE /mm 0.105
5 rfuCy fE fmm 2
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Tab.2 Thermophysical properties of paraffin C16 as the

phase change material'"!
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Fig.2 Representative computational unit
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Tab.3 Calculation results under different grid sizes
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Fig.3 Comparison of simulated and experimental outlet

temperatures in the validation case”""’
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Tab.4 Ranges of input feature vectors for the model

training data
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Fig.5 Transient evolution of refrigerant state parameters in

the cold storage unit under typical operating conditions
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Fig.6 Transient evolution of refrigerant outlet temperature
and heat transfer rate of the cold storage unit under typical

operating conditions
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fraction at different times under typical operating conditions
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Fig.8 Evolution of the fitness function for the outlet pressure

surrogate model during PSO optimization
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Tab.5 Statistical performance metrics of the surrogate

model on the independent numerical test set
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after introducing the transport delay
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refrigerant outlet temperature before and after introducing

the transport delay
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