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Methods

Granular temperature. 


The granular temperature is defined as . Here, the averaged velocity of grains is obtained by PIV. The results of PIV analysis show that the transient kinetic energy of granular fluids is inhomogeneous (Fig. 5). It has been found that a time-averaging on 10000 ms is sufficient to obtain reliable and stable time-averaged velocity profiles. To obtain the granular temperature, statistical analysis of the time-averaged velocity profiles and its probability density function at a constant operating pressure is given (Fig. 6). 

Ising model and Onsager’s solution. 
The Ising model is a well-known model to give a theoretical analysis of the second-order phase transition. The space is divided into N lattice under periodic boundary. And we use si to present the state of phase in granular fluids, in which the order and disorder phases are given by the value of +1 or -1, respectively. The Ising Hamiltonian for the granular fluids is 
	

	(2)


where J is the interactions between phases, G is the external gravity field. Then, partition function of granular is written by 
	

	(3)


Assuming that the external gravity field is balanced by gas stream injection, we can obtain the exact solution of 2D Ising model based on Onsager’s work, as follow:
	



	(4)



where  is the eigenvalues of the matrix, and K is given by:
	

	(5)


Therefore, we can obtain the energy E and heat capacity Csv of the granular fluids:
	

	(6)

	

	(7)


The abrupt of heat capacity in granular fluids can be well plotted based on Eq. (7).



Bogoliubov dispersion relation. 
Based on the introduction of the wave function, N. Bogoliubov developed a solid theory explaining the nonlinear dispersion relation for superfluid helium, and the energy-momentum E(pi)- pi for per particle is given by
	

	(8)


where ϕ(pi) and m is the interaction potential energy of a pair-particle and the mass of a particle, respecvitly. Here, the description of the interaction potential energy has the form of 
	

	(9)


where x is the normalized position of a particle, which can be calculated as x=(r-r0)/r0. Here, r is the relative position of two particles and r0 is the radius of pair-particles. Both coefficient a and b determine the equilibrium position and the well of potential, respectively. In order to represent interaction potential energy in momentum space, we need to apply Fourier transform of Φ(x).
	

	(10)
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Fig. 1. (a) Schematic diagram and (b)photo of experimental apparatus. 
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Fig. 2. The particle size distribution (PSD) of SiO2.
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Fig. 3. Pressure drop with the decreasing of granular temperature.
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Fig. 4. Average and mean square error (MSE) of pressure waves.
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Fig. 5. The mean field of granular velocity measured by PIV. Operating pressure is 0.05 MPa.
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Fig. 6. Probability distribution function of granular velocity. Operating pressure is 0.05 MPa.
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Fig. 7. The relationship between normalized granular temperature and operating pressure.
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Fig. 8. Main: Calibration between granular concentration and optical signal. Inset: Schematic of optical probes test.
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Fig. 9. (a) A typical optical signal with time. The operating pressure is 0.01Mpa; (b) The normalized probability density function of optical signal.
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Fig. 10. The temperature decay in the heat pulse test at different granular temperature.


Table 1.  The parameters in measurement technique.
	Item
	Unit
	Value

	Camera frame rate of PIV
	fps
	1440

	Spatial resolution of PIV
	mm/pixel
	0.05

	Shutter time of PIV
	μs
	690

	Interrogation window of PIV
	pixels
	32×32

	Image resolution of PIV
	pixels
	2048×2048

	Time-averaging of PIV
	ms
	10000 

	Front tip of optical probe
	mm
	2×2

	Frequency of optical probes
	Hz
	200

	Front tip of the thermocouples
	mm
	1×1

	Frequency of thermocouples
	Hz
	10

	Frequency of pressure transducers
	Hz
	10
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