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Fig. S1. Schematic diagram of spout structure in spouted bed
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Fig. S2. Flow chart of solving EMMS equations 

 

 Input the operate parameters  
Ug, ds, Gs

Traversing 
ɛc=ɛmf:ɛg , ɛf=ɛg:ɛmax

Traversing a=-g:amax

Caculating Usf from (T1-9)
Caculating Usc using (T1-8) and (T1-9) 

Caculating Ugc , Ugf , Upc , Upf  

Caculating Usi,1 and Usi,2  from the phase balance 
equation and definition formula respectively

Caculating Nst , dcl using (T1-14) and (T1-15)   

Usi,1 - Usi,2  <1e-2 ?

Nst/ Nt  = min ?

Record the current optimal solution 
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Fig. S3. Schematic diagram of powder-particle spouted bed for semi-dry flue gas desulfurization 
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(a) Grid independence verification (b) Time step independence verification 
Fig. S4. Grid and time step independent verification
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Fig. S5. The contour of the particle radial velocity vector in the spouted bed (z=0.16m) 
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Fig. S6. Contours of water volume fraction under different drag models (T=6.9s) 
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Fig. S7. Contours of mass fraction of H2O in gas under different drag models 
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Fig. S8. Contours of SO2 molar concentration under different drag models 
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Table S1 Governing equation and constitutive relationship of spouted bed 

A. Conservation equations  

1. Mass conservation equation  

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜀𝜀𝜔𝜔𝜌𝜌𝜔𝜔) + 𝛻𝛻 ⋅ (𝜀𝜀𝜔𝜔𝜌𝜌𝜔𝜔𝜈𝜈𝜔𝜔) = 0 (T1-1) 

2. Momentum conservation equation  

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜀𝜀𝜔𝜔𝜌𝜌𝜔𝜔𝜈𝜈𝜔𝜔) + 𝛻𝛻 ⋅ (𝜀𝜀𝜔𝜔𝜌𝜌𝜔𝜔𝜈𝜈𝜔𝜔𝜈𝜈𝜔𝜔) = −𝛼𝛼𝜔𝜔𝛻𝛻𝑃𝑃𝑔𝑔 + 𝛼𝛼𝜔𝜔𝜌𝜌𝜔𝜔𝑔𝑔 + 𝛻𝛻 ⋅ 𝜏𝜏𝜔𝜔��� (T1-2) 

3. Energy conservation equation  

𝜕𝜕
𝜕𝜕𝜕𝜕 �

𝛼𝛼𝜔𝜔𝜌𝜌𝜔𝜔ℎ𝜔𝜔�+ 𝛻𝛻 ⋅ �𝛼𝛼𝜔𝜔𝜌𝜌𝜔𝜔𝜈𝜈𝜔𝜔ℎ𝜔𝜔� = −𝛼𝛼𝜔𝜔
𝜕𝜕𝑝𝑝𝜔𝜔
𝜕𝜕𝜕𝜕

+ 𝜏̿𝜏:𝛻𝛻𝜈𝜈𝜔𝜔 − 𝛻𝛻 ⋅ 𝑞⃑𝑞𝜔𝜔 (T1-3) 

4. Component transport equation  

𝜕𝜕
𝜕𝜕𝜕𝜕
�𝛼𝛼𝜔𝜔𝜌𝜌𝜔𝜔𝑌𝑌𝜔𝜔𝑖𝑖 �+ 𝛻𝛻 ⋅ �𝛼𝛼𝜔𝜔𝜌𝜌𝜔𝜔𝑌𝑌𝜔𝜔𝑖𝑖 𝜈𝜈𝜔𝜔� = −𝛻𝛻 ⋅ 𝛼𝛼𝜔𝜔𝐽𝐽𝜔𝜔𝑖𝑖 + 𝛼𝛼𝜔𝜔𝑅𝑅𝜔𝜔𝑖𝑖 + 𝛼𝛼𝜔𝜔𝑆𝑆𝜔𝜔𝑖𝑖   (T1-4) 

5. Granular temperature equation  

3
2
� 𝜕𝜕
𝜕𝜕𝜕𝜕

(𝛼𝛼𝜔𝜔𝜌𝜌𝜔𝜔𝜃𝜃𝜔𝜔) + 𝛻𝛻 ⋅ (𝛼𝛼𝜔𝜔𝜌𝜌𝜔𝜔𝜃𝜃𝜔𝜔𝜈𝜈𝜔𝜔)� = �−∇𝑝𝑝𝜔𝜔𝐼𝐼 + 𝜏𝜏𝜔𝜔����:𝛻𝛻𝜈𝜈𝜔𝜔 + 𝛻𝛻 ⋅ (𝑘𝑘𝜔𝜔𝛻𝛻𝜃𝜃𝜔𝜔)− 𝛾𝛾𝜃𝜃𝑠𝑠 − 3𝛽𝛽𝜃𝜃𝑠𝑠  (T1-5) 

B. Constitutive equations  

1. Turbulent kinetic energy equation k  

𝜕𝜕
𝜕𝜕𝜕𝜕
�𝛼𝛼𝑞𝑞𝜌𝜌𝑞𝑞𝑘𝑘𝑞𝑞�+ 𝛻𝛻 ⋅ �𝛼𝛼𝑞𝑞𝜌𝜌𝑞𝑞𝑘𝑘𝑞𝑞𝑢𝑢𝑞𝑞����⃗ � = 𝛻𝛻 ⋅ �𝛼𝛼𝑞𝑞

𝜇𝜇𝑡𝑡,𝑞𝑞

𝜎𝜎𝑘𝑘
𝛻𝛻𝑘𝑘𝑞𝑞�+ 𝛼𝛼𝑞𝑞𝐺𝐺𝑘𝑘,𝑞𝑞 − 𝛼𝛼𝑞𝑞𝜌𝜌𝑞𝑞𝜀𝜀𝑞𝑞 + 𝛼𝛼𝑞𝑞𝜌𝜌𝑞𝑞∏𝑘𝑘𝑞𝑞 (T1-6) 

2. Specific dissipation rate equation  

𝜕𝜕
𝜕𝜕𝜕𝜕
�𝛼𝛼𝑞𝑞𝜌𝜌𝑞𝑞𝜀𝜀𝑞𝑞�+ 𝛻𝛻 ⋅ �𝛼𝛼𝑞𝑞𝜌𝜌𝑞𝑞𝜀𝜀𝑞𝑞𝑢𝑢𝑞𝑞����⃗ � = 𝛻𝛻 ⋅ �𝛼𝛼𝑞𝑞

𝜇𝜇𝑡𝑡,𝑞𝑞

𝜎𝜎𝑘𝑘
𝛻𝛻𝜀𝜀𝑞𝑞�+ 𝛼𝛼𝑞𝑞

𝜀𝜀𝑞𝑞
𝑘𝑘𝑞𝑞
�𝐶𝐶1𝜀𝜀𝐺𝐺𝑘𝑘,𝑞𝑞 − 𝐶𝐶2𝜀𝜀𝜌𝜌𝑞𝑞𝜀𝜀𝑞𝑞�+ 𝛼𝛼𝑞𝑞𝜌𝜌𝑞𝑞∏𝜀𝜀𝑞𝑞 (T1-7) 
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Table S2 Hydrodynamic equations of EMMS model 
1.Momentum equation of dense phase particles in unit volume microelement:  

3
4
𝐶𝐶dc

𝑓𝑓(1− 𝜀𝜀𝑐𝑐)
𝑑𝑑𝑝𝑝

𝜌𝜌𝑔𝑔𝑈𝑈𝑠𝑠𝑠𝑠2 +
3
4
𝐶𝐶di

𝑓𝑓
𝑑𝑑cl

𝜌𝜌𝑔𝑔𝑈𝑈𝑠𝑠𝑠𝑠2 = 𝑓𝑓(1 − 𝜀𝜀𝑐𝑐)(𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑔𝑔)(𝑔𝑔 + 𝑎𝑎) (T1-8) 

2.Momentum equation of dilute particles in unit volume microelement:  

3
4
𝐶𝐶df

(1 − 𝑓𝑓)(1− 𝜀𝜀𝑓𝑓)
𝑑𝑑𝑝𝑝

𝜌𝜌𝑔𝑔𝑈𝑈𝑠𝑠𝑠𝑠2 = (1− 𝑓𝑓)(1− 𝜀𝜀𝑓𝑓)(𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑔𝑔)(𝑔𝑔 + 𝑎𝑎) (T1-9) 

3.Pressure drop balance equation:  

𝐶𝐶df
(1 − 𝜀𝜀𝑓𝑓)
𝑑𝑑𝑝𝑝

𝜌𝜌𝑔𝑔𝑈𝑈𝑠𝑠𝑠𝑠2 +
𝑓𝑓

1-𝑓𝑓
𝐶𝐶di

1
𝑑𝑑cl

𝜌𝜌𝑔𝑔𝑈𝑈𝑠𝑠𝑠𝑠2 = 𝐶𝐶dc
1− 𝜀𝜀𝑐𝑐
𝑑𝑑𝑝𝑝

𝜌𝜌𝑔𝑔𝑈𝑈𝑠𝑠𝑠𝑠2  (T1-10) 

4.Mass conservation equation of fluid:  

𝑈𝑈𝑔𝑔 = 𝑈𝑈𝑔𝑔𝑔𝑔𝑓𝑓 + 𝑈𝑈𝑔𝑔𝑔𝑔(1− 𝑓𝑓) (T1-11) 

5.Particle mass conservation equation:  

𝑈𝑈𝑝𝑝 = 𝑈𝑈𝑝𝑝𝑝𝑝𝑓𝑓 + 𝑈𝑈𝑝𝑝𝑝𝑝(1− 𝑓𝑓) (T1-12) 

6.Voidage equation:  

𝜀𝜀𝑔𝑔 = 𝜀𝜀𝑐𝑐 · 𝑓𝑓 + 𝜀𝜀𝑓𝑓(1− 𝑓𝑓) (T1-13) 

7.The correlation of cluster:  

𝑑𝑑𝑐𝑐𝑐𝑐 =
𝑑𝑑𝑝𝑝{

𝑈𝑈𝑝𝑝
1− 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚

− [𝑈𝑈𝑚𝑚𝑚𝑚 +
𝑈𝑈𝑝𝑝𝜀𝜀𝑚𝑚𝑚𝑚

1 − 𝜀𝜀𝑚𝑚𝑚𝑚
]}𝑔𝑔

𝑁𝑁𝑠𝑠𝑠𝑠𝜌𝜌𝑝𝑝/(𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑔𝑔)− [𝑈𝑈𝑚𝑚𝑚𝑚 + 𝑈𝑈𝑝𝑝𝜀𝜀𝑚𝑚𝑚𝑚/(1− 𝜀𝜀𝑚𝑚𝑚𝑚)]𝑔𝑔
 (T1-14) 

Where   𝑁𝑁𝑠𝑠𝑠𝑠 = [𝑈𝑈𝑔𝑔 −
𝜀𝜀𝑓𝑓−𝜀𝜀𝑔𝑔
1−𝜀𝜀𝑔𝑔

𝑓𝑓(1− 𝑓𝑓)𝑈𝑈𝑓𝑓](𝑔𝑔 + 𝑎𝑎) 𝜌𝜌𝑝𝑝−𝜌𝜌𝑔𝑔
𝜌𝜌𝑔𝑔

 (T1-15) 

8.The stability condition:  

𝑁𝑁st

𝑁𝑁𝑇𝑇
=

[𝑈𝑈𝑔𝑔(1− 𝜀𝜀𝑔𝑔)− 𝑓𝑓𝑈𝑈𝑓𝑓(𝜀𝜀𝑓𝑓 − 𝜀𝜀𝑔𝑔)(1− 𝑓𝑓)]
𝑈𝑈𝑔𝑔(1− 𝜀𝜀𝑔𝑔)

= 𝑚𝑚𝑚𝑚𝑚𝑚 (T1-16) 
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