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Simulation model
S.1 Conservation of mass for gas and solid phase

The gas mass balance equation is expressed as:

5}
a(pgsg) + V- (pgegttg) = 0 (S1)
The mass balance equation of the solid phase is:

]
a(psgs) + V- (ps&sus) =0 (52)
S.2 Momentum conservation equations

The momentum balance equation of gas phase is:
]
a(ggpgug) + V- (ggpgugtty) = —£,Vp + V- 14 + ggpgg — B(uy — us) (S3)
where, B is the gas—solid drag coefficient, 7, is the gas viscous stress tensor.

— T] _ 2
Ty = eghg|Vitg + Vug] — Zegu V- ug (S4)
The effective viscosity of gas phase ug includes two parts: dynamic viscosity Ugq
and turbulent viscosity pg, which can be determined by solving the gas phase
turbulence k — ¢ models.
The momentum balance equation of mildly-cohesive solid phase is:
]
at (gspsus) +V- (gspsusus) = _gsvp +V- Ts — Vps + &p:9 + .B(ug - us) (SS)
where, ps 1s the solid pressure which represents the solids phase normal forces due to
particle—particle interactions, 7, is the solid viscous stress tensor.

2

Ts = & {Esvus + Us [(Vus + Vug) - EV ’ us]} (56)

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



compression, [ 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,

Ps = ps&sbs + 2gopsedfs(1 + e) (S7)
where, 6 is the granular temperature 6 = v?lz, v'is the fluctuating velocity, g, isthe
solid radial distribution function, e is the coefficient of restitution. The solid radial

distribution function is:

17-1
S 3
o = 1= (gsfnax) ] (SS)
The solid shear viscosity p; including the kinetic and collision terms is used:
5psdy,/mOg 4 2 4
po = L [y 2 Goe (14 0]+t eupegodp /B (1 + ) (89)

The bulk viscosity for a non-cohesive particle flow:

£ = s=EsPsGody(1 + )b, (S10)
The conservation equation of fluctuating energy of particles can be expressed as:

2[5 (ses89) + V- (psesusb)| = (~Vpol +70): Vatg + V- (ksV8) v (SLD)
where, ¥, is the dissipation of fluctuating energy, kg is the diffusion coefficient.

The dissipation of fluctuating energy is,

0
¥s = 3(1 — e*)edpsgob <di\£ -V us) (S12)
The diffusion coefficient is expressed,

2
ks = =epsgody(1 + €)y/6s (S13)



S.4 Drag force coefficients

The Gidaspow drag model is applied,

_ gszlig Pslus_ug|
e <08, f =150 08 4 17520 (S14)
g > 08, =20, %}‘f‘“g'%—z.es (S15)

24 [1 + 0.15(£gRes)0'687],Res <1000

Cp = {égRes (S16)
0.44,Res = 1000

Reg = —gspgd‘j};‘s"“g' (S17)
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(a) Gas velocity vectors through in-central cross-section

A ¥
Gas umbrella L/ ) \)?“ % f’

outlet
m p '\
',' /; 'Wi“‘i:‘
'\
O,rf v' ' ‘ .

m's / e e
|
Gas orifice ? i

i Wu AR
inlet sh“m‘h*u it b lk‘

i 'fl/{/" ”9‘ "‘1\‘\,;}}\‘;\1'\“

' ‘ ,1‘1 i
?M' '.".!

f;t

'n

's

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



Volume Fraction (air)
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(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), d,=6 mm, u,=0.24 m/s

and us=4.2x 10* m/s
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(a) Gas velocity vectors through in-central cross-section
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(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, (¢) Air fraction distribution (t=20s), d,=30 mm, u,=0.24 m/s

and us=4.2x 10* m/s
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(b) Gas velocity distribution near the gas orifice inlet and umbrella outlet
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(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, (¢) Air fraction distribution (t=20s), d,=50 mm, u,=0.24 m/s

and us=4.2x 10* m/s
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(b) Two layers
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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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(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, (¢) Gas

velocity mixing entropy, u=0.24 m/s and u;=4.2x 10™* m/s
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(a) Gas velocity vectors through in-central cross-section
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(b) Gas velocity distribution near the gas orifice inlet and umbrella outlet
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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, (¢) Air fraction distribution (t=20s) dp =30 mm, u,=0.24 m/s
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Figure S7 Variation of gas velocity in Y direction with increasing bed height under
the effect of coal feeding rate.
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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, u, =0.24 m/s



