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Section S1. Governing equations for gas/solid flows.
Mass conservation for phase i (i = g for gas and s for solid):
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Linear momentum balance for gas and solid phases:
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Transport equation for the solid phase granular temperature:
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Section S2. Constitutive equations of gas-solid flow.

Gas stress tensor:

Vv, + Vvl V-v,l
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Solid stress tensor:
Ts = us[Vvs + va] 3 TRVERN|
where solid shear viscosity is:

Us = Us,col + WUskin + Ws,fr
The collisional contribution to shear viscosity is:
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The kinetic contribution to shear viscosity:
10d,ps+/ Os1T
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The frictional contribution to shear viscosity [1]:
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Solid phase bulk viscosity:
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Collision dissipation energy [2]:
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dsVm
Solids pressure:
ps = &spsOs + 2ps(1 + ess)es2g0,ss

Thermal energy diffusion coefficient:
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Radial distribution function:
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Dissipation of granular temperature by gas damping:
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Section S3. The drag model used in this work.

Huilin-gidaspow drag model [3]:

Huilin-gidaspow drag model is a combination of the previous drag models proposed
by Wen and Yu [4] and Ergun [5]. It introduces a transition function to smoothly switch
the drag coefficients at the bed porosity of 0.8. The pressure drop due to friction between
gas and particles is described by the Ergun equation [5] as the bed porosity is less than 0.8
and Wen and Yu equation as the bed porosity is larger than 0.8.
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where drag coefficient is:
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