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Background	
  

•  Previous	
  modeling	
  is	
  based	
  on	
  FEM	
  
techniques	
  	
  

•  Much	
  to	
  low	
  resolu;on	
  in	
  the	
  rim	
  zone	
  where	
  
the	
  “drama;c”	
  changes	
  occur	
  

•  Need	
  to	
  develop	
  new	
  model	
  to	
  resolve	
  rim	
  
zone	
  



Transport	
  processes	
  at	
  gel/GW	
  interface	
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Diffusion	
  to	
  passing	
  GW	
  

Solve	
  the	
  coupled	
  flow	
  and	
  diffusion	
  equa;ons	
  	
  



Two-­‐region	
  model	
  

•  Inner	
  region	
  1	
  metre	
  to	
  more	
  than	
  100	
  ds	
  of	
  
metres	
  
– Smec;te	
  	
  with	
  volume	
  frac;on	
  >	
  ϕcrit=	
  0.004-­‐0.02	
  
(10-­‐50	
  g/l)	
  does	
  not	
  flow.	
  It	
  can,	
  however,	
  expand	
  
by	
  a	
  diffusion-­‐like	
  process	
  

•  Sudden	
  jump	
  at	
  	
  ϕcrit	
  from	
  no	
  flow	
  to	
  flow	
  
•  For	
  PA	
  scales	
  outer,	
  Rim-­‐region-­‐	
  very	
  thin,	
  <	
  
1%	
  of	
  radius	
  of	
  distance	
  to	
  rim	
  
– At	
  volume	
  frac;on	
  <	
  ϕcrit	
  it	
  flows	
  with	
  increasing	
  
velocity	
  as	
  the	
  viscosity	
  drops	
  	
  

	
  



Model	
  expansion	
  and	
  rim	
  separately-­‐	
  
then	
  combine	
  models	
  

Nrim ∝ f (φi )δ frac 2πr0

Loss	
  from	
  deposi;on	
  hole	
  is	
  
mass	
  that	
  goes	
  into	
  fracture	
  
Nloss-­‐	
  
Once	
  steady	
  state	
  is	
  reached	
  	
  
expansion	
  ceases	
  and	
  Nloss=Nrim-­‐	
  
	
  



Diffusion	
  func;on	
  of	
  gel/sol	
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Co-­‐volume	
  concept	
  	
  



Model	
  of	
  gel/sol	
  viscosity	
  
η
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Basic	
  equa;ons	
  for	
  rim	
  loss	
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Only	
  depends	
  on	
  ion	
  
conc.	
  surface	
  charge	
  
density	
  	
  and	
  par;cle	
  size	
  

ODE	
  to	
  be	
  solved	
  w	
  arbitrary	
  accuracy	
  

PDE	
  



Example:	
  c=0.1	
  mM	
  

Figure 7.5 concentration profile in the rim zone, !!"# =
1.6, u=10-5 m/s and c=0.1 mM monovalent ions. Right 
hand curve is for constant D and viscosity.  

Figure 7.6. Relative measure of the flux !" in the rim 
zone, u=10-5 m/s and c=0.1 mM. Left figure is for 
!!"# = 1.6.  



Insta;onary	
  phase	
  of	
  gel	
  expansion	
  
in	
  region	
  ri	
  to	
  rR	
  

 !!"# = !!"#!" !!"2 !!!!!! !   



Combine	
  rim	
  with	
  expansion	
  of	
  gel	
  

•  Let	
  the	
  gel	
  expand	
  and	
  account	
  all	
  the	
  ;me	
  for	
  
the	
  loss	
  at	
  the	
  rim	
  

•  Numerical	
  solu;on	
  of	
  the	
  PDE	
  in	
  region	
  
	
  ri	
  –rR(t).	
  rR(t)	
  constantly	
  expands	
  
•  Loss	
  at	
  rim	
  as	
  BC	
  	
  
•  Nrim	
  solved	
  with	
  arbitrarily	
  high	
  resolu;on	
  	
  



Two	
  solu;on	
  techniques	
  for	
  
expanding	
  grid	
  

•  Numeric	
  solu;on	
  of	
  the	
  PDE	
  in	
  expanding	
  grid	
  
w.	
  modified	
  Crank-­‐Nicolson	
  technique.	
  
Some;mes	
  numerical	
  difficul;es	
  

•  Analy;cal	
  solu;on	
  based	
  on	
  PSS	
  assump;on	
  
useful	
  when	
  D	
  fairly	
  constant	
  except	
  at	
  rim.	
  
Analy;cal-­‐	
  very	
  simple	
  expressions	
  

•  Surprisingly	
  small	
  differences	
  	
  



Example	
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Figure xx. Expansion of the rim for c=0.1 mM and uo=10-5 m/s, !! = 0.5, = 0.32×10!! m2/s, 
dp=200 nm. Dots are numeric solution and line is the PSS solution.   



0.1	
  mm	
  aperture,	
  10-­‐5	
  m/s	
  (315	
  m/yr)	
  

For	
  lower	
  flowrates	
  rR	
  at	
  SS	
  increases	
  enormously,	
  	
  	
  	
  
as	
  does	
  tome	
  to	
  approach	
  SS.	
  Loss	
  is	
  dominated	
  by	
  	
  
intrusion	
  into	
  fracture,	
  not	
  by	
  erosion	
  at	
  Rim	
  



Impact	
  on	
  PA	
  

•  Smec;te	
  loss	
  from	
  deposi;on	
  hole	
  at	
  lower	
  
flowrates	
  dominated	
  by	
  intrusion	
  far	
  into	
  
fracture	
  

•  Only	
  extremely	
  high	
  flowrates	
  may	
  cause	
  loss	
  
by	
  erosion	
  to	
  be	
  considered	
  

•  Smec;te	
  will	
  invade	
  even	
  the	
  finest	
  fractures	
  
and	
  generate	
  a	
  strong	
  diffusion	
  barrier	
  to	
  
decrease	
  solute	
  transport	
  to	
  and	
  from	
  the	
  
canister	
  



Processes	
  not	
  modeled	
  

•  Loss	
  by	
  gravity	
  pulling	
  off	
  aggregates	
  
– Observed	
  by	
  Schatz	
  and	
  Neretnieks	
  

•  Fate	
  of	
  detritus	
  material	
  
– The	
  fine	
  sand	
  may	
  clog	
  the	
  variable	
  aperture	
  
fractures	
  

– Hinder	
  further	
  expansion	
  of	
  smec;te	
  into	
  fracture	
  



What	
  next	
  

•  Prepare	
  report	
  on	
  the	
  model	
  development	
  
•  Use	
  the	
  model(s)	
  to	
  analyze	
  available	
  
experiments	
  	
  

•  Ponder	
  the	
  gravity	
  effects	
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  you	
  for	
  your	
  aken;on	
  


