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Introduc1on	  

•  Granular	  materials	  show	  extremely	  complex	  flow	  features.	  

•  Predic1on	  of	  wet	  granular	  flow	  difficult	  due	  to	  difficul1es	   in	  describing	   liquid	  
exchange	  during	  par1cle-‐par1cle	  collisions.	  	  

	  
•  A	  more	   rigorous	  model	   that	   is	   valid	   for	   all	   regimes	  would	   be	   of	   paramount	  

industrial	   importance,	   e.g.,	   to	   predict	   the	   distribu1on	   of	   liquid	   between	  
par1cles	  more	  reliably	  in	  a	  

•  granula:on,	  
•  mixing,	  
•  drying	  or	  coa:ng	  applica1ons	  	  	  
	  

•  Four	   liquid	   transfer	   models	   to	   predict	   the	   forma1on	   and	   rupture	   of	   liquid	  
bridges	  and	  model	  for	  the	  conduc1ve	  liquid	  flux	  for	  different	  flow	  regimes.	  
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Proposed	  Models	  
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•  Model	  –	  A	  
•  Conduc1on	   based	   simple	   liquid	  

transfer	  rate	  model[1]	  
	  •  Model	  –	  B1	  

•  Instantaneous	   liquid	  transfer	  model	  
based	   on	   surface	   contact	   of	  
par1cles[2]	  

	  •  Model	  –	  B2	  
•  Ins tantaneous	   l iqu id	   br idge	  

forma1on	  and	  rupture	  	  
	  •  Model	  –	  C	  

•  Fill ing	   rate	   based	   model	   for	  
drainage	  of	  liquid	  into	  the	  bridge	  

	  

[1] Tomassone et al, Powder Technology 2012 

[2] Shi and McCarthy, Powder Technology 2008 
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Proposed	  Models	  

	  	
 	  	
 	  	
	  	
 	  	
 	  	


Model	  B1	  

Liquid transfer happens Liquid transfer happens 

[2] Shi and McCarthy, Powder Technology 2008 

Model	  A	  

Transfer rate 
based on Γ 

Calculation of bridge volume[2] 

Transfer of liquid between particles 
instantaneously 
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Proposed	  Models	  

	  	
 	  	
	  	
 	  	


Forma:on	  of	  liquid	  bridge	  
Instantaneously	  
bridge	  is	  formed	  

Con1nuous	  Drainage	  of	  
liquid	  into	  the	  bridge	  

Model	  B2	  

Explicit Calculation of bridge 
volume[2] 

Instantaneous transfer of liquid into 
the bridge 

Model	  C	  

Drainage of liquid from the film 
into the bridge into the bridge 
based on tref 

Backflow of liquid from the bridge to 
liquid film is possible 
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Proposed	  Models	  
Rupture	  of	  liquid	  bridges	  	  

	  	
 	  	
	  	
 	  	


On	  rupture	  of	  liquid	  bridges	  Calcula:on	  of	  rupture	  distance	  

[3]	  

[3] Lian et al., Journal of colloid and interface science 161, 138–147  
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Key	  differences	   Model	  A	   Model	  B1	   Model	  B2	   Model	  C	  

Account	  of	  liquid	  Film	  
thickness	  

No	   No	   Yes	   Yes	  

Explicit	  calcula1on	  of	  Bridge	  
volume	  

No	   Not	  really	  	  
(just	  at	  the	  end	  
of	  collision)	  

Yes	   Yes	  

Rupture	  distance	   No	   No	   Yes	   Yes	  
Effect	  of	  liquid	  viscosity	  and	  
surface	  tension	  	  

Yes	   No	   No	   Yes	  

Proposed	  Models	  



9	  

Dimensional	  analysis	  

[4] Chialvo et al, Physical Review E. 85 (2012).  

Dimensionless	  shear	  rate	  
Range[4]	  :	  10-‐4	  to	  1	  

Based	  on	  dimensional	  analysis	  of	  main	  influencing	  
parameters,	  we	  get	  two	  dimensionless	  numbers	  	  

Range	  :	  10-‐3	  to	  1	  

Dimensionless	  liquid	  film	  thickness	  :	  0.02	  
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Model	  setup	  
Single	  par:cle-‐par:cle	  collision	  setup	  

•  Smooth 
•  Equal sized particles 
•  No force models 
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	  	   • Par1cles	  placed	  in	  a	  periodic	  box	  (H/dp=15).	  

• Par1cles	   s1ffness	   based	   on	   dimensionless	  
shear	  rate	  

• Dimensionless	  liquid	  film	  thickness	  is	  0.02	  
	  
• Par1cles	  near	  the	  top	  boundary	  were	  fixed	  to	  
be	  wet	  (Lpi,tot*	  =	  3.35e-‐5)	  and	  near	  the	  bo^om	  
boundary	  were	  fixed	  to	  be	  dry	  (Lpi,tot*	  =	  0).	  
	  
• Lees-‐Edwards	  boundary	  condi1ons[5]	  used.	  	  

• Conduc1ve	   l iquid	   flux	   (qy
cond)	   made	  

dimensionless	   using	   qs	   as	   the	   reference	  
conduc1ve	  liquid	  flux	  in	  the	  solid	  material	  the	  
par1cles	  are	  made	  of.	  	  

Sheared	  Par1cle	  Beds	  

[5] Lees and Edwards, Journal of Physics C: Solid State Physics 1921 (2001). 

Lp,i,tot
*

Simula:on	  Setup	  
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Sheared	  Par1cle	  Beds	  
Results	  

Lp,i,tot
*
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Sheared	  Par1cle	  Beds	  
Summary	  of	  conduc:ve	  liquid	  flux	  vs	  dimensionless	  shear	  rate	  
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Perspec1ve	  
Anima:ons	  of	  Liquid	  injec:on	  in	  rota:ng	  drums	  -‐	  Model	  B2	  and	  C	  

Model B2 (left) 
Model C (right) 

Fr = 0.1, Γ=0.142 

Model B2 (left) 
Model C (right) 

Fr = 0.5, Γ=0.318 
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Snapshots	  of	  Liquid	  injec:on	  in	  rota:ng	  drums	  -‐	  Model	  B2	  and	  C	  

Model B2 (left) 
Model C (right) 

Fr = 0.1, Γ=0.142 

Model B2 (left) 
Model C (right) 

Fr = 0.5, Γ=0.318 

Perspec1ve	  
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Conclusions	  

•  Simplified	   models	   for	   liquid	   transfer	   based	   on	   different	  
defini1ons	   of	   liquid	   transfer	   rates	   that	   predicts	   the	   liquid	  
bridge	  forma1on	  and	  rupture.	  

•  Use	  this	  model	  for	  conduc1ve	  liquid	  fluxes	  to	  plug	  in	  later	  to	  a	  
con1nuum	  model.	  	  

•  Filling	  rate	  based	  model	  for	  drainage	  of	  liquid	  into	  the	  bridge,	  
with	   explicit	   calcula1on	   of	   individual	   liquid	   bridge	   volumes,	  
forma1on	  and	  rupture.	  

	  
•  Reference	  1me	  scale	  for	  the	  liquid	  bridge	  filling	  process	  
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