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Simulation model 

S.1 Conservation of mass for gas and solid phase 

The gas mass balance equation is expressed as: 

பப୲ ൫𝜌௚𝜀௚൯ + ∇ ∙ ൫𝜌௚𝜀௚𝒖௚൯ = 0                                           (S1) 

The mass balance equation of the solid phase is: 

பப୲ ሺ𝜌௦𝜀௦ሻ + ∇ ∙ ሺ𝜌௦𝜀௦𝒖௦ሻ = 0                                            (S2) 

S.2 Momentum conservation equations 

The momentum balance equation of gas phase is: 

பப୲ ൫𝜀௚𝜌௚𝒖௚൯ + ∇ ∙ ൫𝜀௚𝜌௚𝒖௚𝒖௚൯ = −𝜀௚∇𝑝 + ∇ ∙ 𝜏௚ + 𝜀௚𝜌௚𝒈 − 𝛽൫𝒖௚ − 𝒖௦൯     (S3) 

where, 𝛽 is the gas−solid drag coefficient, 𝜏௚ is the gas viscous stress tensor. 𝜏௚ = 𝜀௚𝜇௚ൣ∇𝒖௚ + ∇𝒖௚்൧ − ଶଷ 𝜀௚𝜇௚∇ ∙ 𝑢௚                                 (S4) 

The effective viscosity of gas phase 𝜇୥  includes two parts: dynamic viscosity 𝜇୥ୢ 

and turbulent viscosity 𝜇୥୲ , which can be determined by solving the gas phase 

turbulence 𝑘 − 𝜀 models. 

The momentum balance equation of mildly-cohesive solid phase is: 

பப୲ ሺ𝜀௦𝜌௦𝒖௦ሻ + ∇ ∙ ሺ𝜀௦𝜌௦𝒖௦𝒖௦ሻ = −𝜀௦∇𝑝 + ∇ ∙ 𝜏௦ − ∇𝑝௦ + 𝜀௦𝜌௦𝒈 + 𝛽൫𝒖௚ − 𝒖௦൯    (S5) 

where, 𝑝௦ is the solid pressure which represents the solids phase normal forces due to 

particle−particle interactions, 𝜏௦ is the solid viscous stress tensor. 𝜏௦ = 𝜀௦ ቄ𝜉௦∇𝒖௦ + 𝜇௦ ቂሺ∇𝒖௦ + ∇𝒖௦் ሻ − ଶଷ ∇ ∙ 𝒖௦ቃቅ                             (S6) 

where, 𝜉௦ is the solid bulk viscosity which reflects the resistance of a fluid against 



compression, 𝜇௦ is the solid shear viscosity which is in the same order of magnitude 

with bulk viscosity. 

S.3 Typical kinetic model of granular flow 

Solid pressure is expressed as below, 𝑝௦ = 𝜌௦𝜀௦𝜃௦ + 2𝑔଴𝜌௦𝜀௦ଶ𝜃௦ሺ1 + 𝑒ሻ                                        (S7) 

where, 𝜃௦ is the granular temperature 𝜃௦ = 𝒗ᇲమଷ , 𝒗ᇱis the fluctuating velocity, 𝑔଴ is the 

solid radial distribution function, 𝑒 is the coefficient of restitution. The solid radial 

distribution function is: 

𝑔଴ = ൥1 − ൬ ఌೞఌೞ,೘ೌೣ൰భయ൩ିଵ
                                               (S8) 

The solid shear viscosity 𝜇௦ including the kinetic and collision terms is used: 𝜇௦ = ହఘೞௗ೛ඥగఏೞସ଼ሺଵା௘ሻ௚బ ቂ1 + ସହ 𝑔଴𝜀௦ሺ1 + 𝑒ሻቃଶ + ସହ√గ 𝜀௦𝜌௦𝑔଴𝑑௣ඥ𝜃௦ሺ1 + 𝑒ሻ               (S9) 

The bulk viscosity for a non-cohesive particle flow: 𝜉௦ =  ସଷ√గ 𝜀௦𝜌௦𝑔଴𝑑௣ሺ1 + 𝑒ሻඥ𝜃௦                                         (S10) 

The conservation equation of fluctuating energy of particles can be expressed as: 

ଷଶ ቂ பப୲ ሺ𝜌௦𝜀௦𝜃௦ሻ + ∇ ∙ ሺ𝜌௦𝜀௦𝒖௦𝜃௦ሻቃ = ሺ−∇𝑝௦𝑰 + 𝜏௦ሻ: ∇𝒖௦ + ∇ ∙ ሺ𝑘௦∇𝜃௦ሻ − 𝛾௦      (S11) 

where, 𝛾௦ is the dissipation of fluctuating energy, 𝑘௦ is the diffusion coefficient. 

The dissipation of fluctuating energy is, 

𝛾௦ = 3ሺ1 − 𝑒ଶሻ𝜀௦ଶ𝜌௦𝑔଴𝜃 ቆ ସௗೞ ටఏగ − ∇ ∙ 𝒖௦ቇ                               (S12) 

The diffusion coefficient is expressed, 𝑘௦ = ଶ√గ 𝜀௦ଶ𝜌௦𝑔଴𝑑௣ሺ1 + 𝑒ሻඥ𝜃௦                                        (S13) 



S.4 Drag force coefficients 

The Gidaspow drag model is applied, 

𝜀୥ ≤ 0.8, 𝛽 = 150 ఌ౩మఓౝఌౝௗ౦మ + 1.75 ఘ౩ห𝒖౩ି𝒖ౝหௗ೛                                (S14) 

𝜀୥ > 0.8, 𝛽 = ଷସ 𝐶஽ ఌ౩ఌౝఘ౩ห𝒖౩ି𝒖ౝหௗ೛ 𝜀௚ି ଶ.଺ହ                                 (S15) 

𝐶஽ = ൝ ଶସఌ೒ோ௘౩ ቂ1 + 0.15൫𝜀୥𝑅𝑒ୱ൯଴.଺଼଻ቃ , 𝑅𝑒ୱ ≤ 10000.44, 𝑅𝑒ୱ ≥ 1000                         (S16) 

𝑅𝑒ୱ = ఌ౩ఘౝௗ೛ห𝒖౩ି𝒖ౝหఓ೒                                                 (S17) 

 

 

 

 

 

 



 

(a) Gas velocity vectors through in-central cross-section 

 
(b) Gas velocity distribution near the gas orifice inlet and umbrella outlet 



 

(c) Air fraction distribution 

Figure S1: Effect of layers of gas orifice on gas distribution, (a) Gas velocity vectors 

through in-central cross-section, (b) Gas velocity distribution near the gas orifice inlet 

and umbrella outlet, (c) Air fraction distribution (t=20s), dp= 6 mm,  𝑢௚=0.24 m/s 

and 𝑢ௌ=4.2× 10ସ m/s 

 

 

(a) Gas velocity vectors through in-central cross-section 



 

(b) Gas velocity distribution near the gas orifice inlet and umbrella outlet 

 

(c) Air fraction distribution 

Figure S2: Effect of layers of gas orifice on gas distribution,(a) Gas velocity vectors 

through in-central cross-section, (b)Gas velocity distribution near the gas orifice inlet 

and umbrella outlet, (c) Air fraction distribution (t=20s), dp= 30 mm,  𝑢௚=0.24 m/s 

and 𝑢ௌ=4.2× 10ସ m/s 

 



 

(a) Gas velocity vectors through in-central cross-section 

 

(b) Gas velocity distribution near the gas orifice inlet and umbrella outlet 

 



(c) Air fraction distribution 

Figure S3: Effect of layers of gas orifice on gas distribution, (a) Gas velocity vectors 

through in-central cross-section, (b) Gas velocity distribution near the gas orifice inlet 

and umbrella outlet, (c) Air fraction distribution (t=20s), dp= 50 mm,  𝑢௚=0.24 m/s 

and 𝑢ௌ=4.2× 10ସ m/s 
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(a) One layer 
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(b) Two layers 
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(c) Three layers 

Figure S4: Variation of gas velocity in Y direction with increasing bed height under 

the effect of layers of orifice, (a) one layer, (b) two layers, (c) three layers 
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(a) Coal solid fraction standard deviation 
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(b) gas velocity standard deviation 
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(c) gas velocity mixing entropy 

Figure S5: Influence of gas injection layers on gas distribution in the pyrolysis zone, 

(a) Coal solid fraction standard deviation, (b) Gas velocity standard deviation, (c) Gas 

velocity mixing entropy, 𝑢௚=0.24 m/s and 𝑢௦=4.2× 10ିସ m/s 

 

 

(a) Gas velocity vectors through in-central cross-section 

 

(b) Gas velocity distribution near the gas orifice inlet and umbrella outlet 



 
(c) Air fraction distribution 

Figure S6 Influence of coal feeding rate on gas distribution, (a) Gas velocity vectors 

through in-central cross-section, (b)Gas velocity distribution near the gas orifice inlet 

and umbrella outlet, (c) Air fraction distribution（t = 20s）𝒅𝑷 = 30 mm, 𝒖𝒈= 0.24 m/s 

 
 

 



 

Figure S7 Variation of gas velocity in Y direction with increasing bed height under 
the effect of coal feeding rate. 

 

 
(a) Coal solid fraction standard deviation  (b) Gas velocity standard deviation 

 
(c) Gas velocity mixing entropy 



Figure S8 Influence of coal feeding rate on gas distribution in the pyrolysis zone (a) 
Coal solid fraction standard deviation, (b) Gas velocity standard deviation, (c) Gas 

velocity mixing entropy, 𝒅𝑷 = 30 mm, 𝒖𝒈 = 0.24 m/s 

 

 

 


