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Appendix A：Heat transfer coefficient calculation
(1) Calculation of heat transfer coefficient in the cold-hot wall experiment
The apparent heat-transfer coefficient obtained from the hot–cold wall experiment characterizes the ability of the bed to absorb thermal energy from the heated wall and transport it toward the cooling boundaries under steady-state conditions. In the present study, the heat-transfer rates through the solid walls were calculated using the one-dimensional Fourier heat-conduction law, whereas the bed-scale apparent heat-transfer coefficient was defined operationally using unit area and unit temperature Newton’s-law-type expression. Therefore, hw ​should be interpreted as an apparent heat-transfer coefficient.
According to the steady-state energy balance, the heat input through the hot wall, Qin​, is equal to the sum of the effective heat released through all non-heated solid boundaries, Qbed,eff, and the net enthalpy carried out of the system by the fluidizing gas, Qgas,out, as shown in Fig. 1c:

		(S1)                                                
The heat input from the hot wall Qin can be calculated using the one-dimensional Fourier heat conduction law. The temperature on the left side of the hot wall is defined as Thot, while the temperature on the right side is defined as T1. The hot wall is treated as a flat plate for heat transfer. The wall thickness is denoted as , and the heat transfer area is denoted as Ahot. The thermal conductivity of the stainless-steel wall is defined as kwall. Qin is given by

		(S2)

The net enthalpy carried out of the system by the fluidizing gas is denoted by Qgas,out ​and is calculated directly from the gas inlet–outlet enthalpy difference:                                 

		(S3)
where mg is mass flux across the bed, Tg,in is the inlet gas temperature, which is 16 °C. Tg,out is the gas temperature outlet the fluidized bed. Due to the low heat capacity of the gas and the large heat transfer coefficient between the gas and particle, the gas would quickly reach the bed temperature after flowing in to the bed, i.e., Tg,out =Tbed.
To quantify the steady bed-scale heat-transfer response, Qbed,eff was normalized by the effective wall area and the representative temperature difference between the hot-side and cold-side regions of the bed:

		(S4)
Aw ​is the effective reference area used to characterize the wall-to-wall heat-transfer process, while T1​ and T2​ are the representative bed-side temperatures adjacent to the heated and cold regions, respectively. Accordingly, hw is defined as the spatial-domain apparent heat-transfer coefficient, with units of W·m−2·K−1. Therefore, hw integrates the combined effects of gas–solid heat transport, particle conduction and circulation, near-wall particle renewal, and thermal resistance associated with the system boundaries.
Here, Qbed,eff is defined as the total heat transported through the coupled gas–solid bed and ultimately released through all non-heated solid boundaries. It includes the heat released through the right-side cold wall, front wall, rear wall, top solid boundary, gas distributor and bottom structure, and other non-heated solid surfaces:

		(S5)
Substituting formulas (2) - (4) into formula (1), we finally obtain

		  (S6)
The heat transfer coefficient of the hot and cold wall experiment is given by the following formula

		(S7)
(2) [bookmark: _Hlk233637204]Calculation of heat transfer coefficient in the heat pulse cooling experiment
The heat transfer coefficient obtained from the thermal pulse cooling experiment represents the dissipation capacity of the bed in response to a local thermal disturbance. It reflects the rate at which the system returns to thermal equilibrium. In this study, a calculation model for the heat transfer coefficient is established based on the heat flux balance.
According to the law of energy conservation, the heat stored within the system is ultimately dissipated to the surrounding environment, as shown in Fig. 1d :

		(S8)
The total heat stored by the system can be expressed as:

		(S9)
[bookmark: _Hlk233636967][bookmark: _Hlk233636980][bookmark: _Hlk233637042][bookmark: _Hlk233637132]Here,  represents the equivalent density of the bed layer, C is the equivalent specific heat capacity, and ΔT is the temperature difference between the bed layer and the environment. Under the effective one-dimensional control-volume approximation adopted, the heat-storage volume was defined as the bed region affected by the thermal pulse:

		(S10)
where Hb​ and Wb​ are the effective height and width of the thermally affected region, respectively, and Leff is the effective thermal-penetration length between the heating region and the temperature-measurement location.
Taking the derivative of equation (8) with respect to time, the rate of change of internal energy is

		(S11)
[bookmark: _Hlk233637190][bookmark: _Hlk233637156]The heat dissipation process to the surrounding environment is described using a one-dimensional heat transfer model. The high-temperature particle and gas region after the thermal pulse is treated as the left side of the heat transfer slab, while the unheated surrounding environment is treated as the right-side cold boundary. The interface between them represents the heat transfer processes among particles and between the gas and solid phases. Since the particle contact scale is much smaller than the bed scale, the thickness of the interface can be neglected. Under this assumption, the equivalent heat transfer capability can be characterized by an effective heat transfer coefficient, denoted as hT.
Using an operational Newton-type expression, the instantaneous heat-release rate from the effective thermal control volume is expressed as

		(S12)
The rate of convective heat transfer towards the environment:

		(S13)
Among them, Tt indicates the bed layer temperature at time t, and Tam represents the ambient temperature. The corresponding effective heat-transfer area was defined as the cross-sectional area normal to the principal heat-transfer direction:

		(S14)
Therefore,

		(S15)
In the present experiment, the effective thermal-penetration length was taken as the measured distance between the heater and the thermocouple, Leff​=0.01 m.
According to the heat flow balance, it is expressed as

		(S16)
Integrating equation (12) yields:

		(S17)
Among them, T0 represents the initial temperature at the end of the thermal pulse.
Therefore, the equivalent heat transfer coefficient, hT, in the thermal pulse cooling experiment can be obtained by linearly fitting the experimental temperature decay curve. This parameter reflects the ability of the bed to eliminate local temperature gradients and restore thermal equilibrium. A larger heat transfer coefficient indicates stronger transient thermal diffusion and thermal homogenization capability within the bed.
Appendix B：Pressure pulsation and fiber optic processing methods
(1) Statistical methods for pressure fluctuations in frequency domains
The autocorrelation function indicates the predictability of a signal [1], which can be calculated through a comparison between a times series and the delayed version of itself:

		(S18)
where x(t) is the measure signal, s is the time lag, and the x is the mean value of the signal x(t).


Calculate the average value of the pressure signals for each set of operating conditions. The pressure pulsation signal is obtained through , and the average pressure position is shifted to the zero point. The processed P'(t) is used to characterize the dynamic fluctuation behavior of the internal pressure in the bed layer over time. Furthermore, the non-steady characteristics of the gas-solid two-phase flow structure are analyzed. Meanwhile, this processing only shifts the pressure signal without performing scale normalization, thus preserving the peak value of the PDF probability density. Subsequently, P'(t) is divided into several pressure intervals with a certain interval width , and the number of data points ni in each interval is counted. The probability density function can be expressed as:

		(S19)

Among them, N represents the total number of data points, and  represents the width of the pressure range. This processing normalizes the area under the PDF curve to 1. The standard deviation of pressure pulsation is used to characterize the degree of signal dispersion, and its calculation formula is:



		(S20)
Since the centralization results in approaching 0, the standard deviation can reflect the degree of dispersion of the pressure pulsation amplitude. Skewness is used to describe the asymmetry of the pressure pulsation distribution, and its calculation formula is:

		(S21)
(2) Particle volume fraction measurements
[bookmark: _Hlk236753865]A dual-optical probe featuring a front tip of 2×2 mm2 and a measurement frequency of 500 Hz is inserted into the bed, and the dual-optical probe system consisting of a reference leg and a measuring leg is used to reduce the effects of any photomultiplier tube instability. A widely used method in particle volume fraction measurements is to make use of the nonlinear relationship between the particle volume fraction and the reflected light intensity. The following exponential function is obtained as the calibration function (see ref.): εs=A·e (Is·B), where Is is the intensity of optical signals. The optical signal is firstly calibrated against an empty bed (εs=0, Is=0) and a packed bed (εs=0.54, Is=4000) and then against various volumes of the bed solids by changing the number of particles to have the solid fractions set at the low-density region and high-density regions [2-4].
[image: ]
Fig. S1 Particle size distribution of the SiO2.
[image: ]
Fig. S2 Flow rate versus flow velocity of fluidized granular matter

[image: ]
Fig. S3 Comparison between the spatial and temporal domains of Probability density function.
[image: ]
Fig. S4 Comparison of the three fluidization states in the temporal domain of Probability density function.

Supplementary Table 1. Experimental settings
	Parameter
	Value

	Material of particles
	SiO2

	Particle diameter
	174 

	Particle density
	2450 kg/m3

	Minimum fluidization velocity, Umf 
	11.79 mm/s

	Minimum bubbling velocity, Umb
	13.21 mm/s
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