
Abstract
D e taile d  m od e ling of re active  flow s th rough  ge ologic m e d ia is ne ce ssary 
to und e rstand  a num be r of e nvironm e ntal proble m s of national 
im portance ; e xam ple s are  m igration of rad ioactive  fluid s and   ge ologic 
se q ue stration of CO 2 in d e e p re se rvoirs.  Such  proble m s ge ne rally 
re q uire  sim ulations in th re e  spatial d im e nsions and  involve  
m ultiph ase , m ulticom pone nt ge och e m ical syste m s; typical sim ulations 
are  ve ry com putationally d e m and ing and  m igh t involve  10 or m ore  
ch e m ical d e gre e s of fre e d om  on a grid  of m illions of nod e s.

Th is poste r d e scrib e s PFLO TRAN, a m assive ly paralle l cod e  for solving 
m ultiph ase - m ulticom pone nt re active  flow  and  transport e q uations in 
nonisoth e rm al, variably saturate d  porous m e d ia.  PFLO TRAN is built 
on top of th e  PETSc paralle l scie ntific toolk it and  use s its e fficie nt 
Ne w ton- Krylov solve r fram e w ork  to solve  th e  nonline ar e q uations 
arising from  th e  fully- im plicit tim e ste pping sch e m e , using a d om ain-
d e com position approach .  W e  pre se nt pe rform ance  tim ings from  th e  
M PP2 m ach ine  at EM SL/PNNL and  th e  Cray XT3 m ach ine  (Jaguar) at 
NCCS/O RNL th at d e m onstrate  th e  e xtre m e  scalability of PFLO TRAN, 
and  w e  illustrate  som e  of scie nce  th at is b e ing d one  w ith  th e  cod e .

CO2 se q ue stration: D e nsity drive n finge ring
A possible  m e ch anism  for m itigating th e  e ffe cts of CO 2 on global clim ate  
ch ange  is  inje ction of supe rcritical CO 2 into de e p unde rground re se rvoirs to 
pre ve nt its re le ase  to th e  atm osph e re .  PFLO TRAN is  be ing use d to asse ss  CO 2 
se q ue stration in ge ologic form ations and to e valuate  th e  dissipation of a CO 2 
plum e  as it e volve s ove r tim e .  Th e  m ode l sim ulations w ill also be  use ful in 
asse ssing le ak  rate s to th e  surface , for e xam ple , th rough  abandone d w e lls and 
fracture s in cap rock s.  Accurate  asse ssm e nt of th e  re te ntion ch aracte ristics of 
candidate  subsurface  ge ologic form ations is  crucial: a poor ch oice  of form ation 
w ill de fe at th e  goal of se q ue stration w h e n CO 2 e scape s back  into th e  
atm osph e re .  Additionally, sudde n re le ase  of se q ue ste d CO 2 can h ave  
catastroph ic conse q ue nce s.

Ch aracte ristic of th is  proble m  is  th e  form ation of de nsity- drive n instabilitie s  
re sulting from  an incre ase  in fluid de nsity as CO 2 dissolve s into H 2O , and 
viscous finge ring cause d by re duce d viscosity of CO 2 com pare d to H 2O .  Th e  
figure s  de pict CO 2 finge ring afte r 200 sim ulation ye ars and th e  re sultant 
m ine ral alte ration.  M ine ral alte ration is  m inim al, th ough  it is  e xpe cte d th at 
give n longe r tim e s (~ 104 ye ars), s ignificantly gre ate r alte ration w ill occur. (Lu 
and Lich tne r, 2005)

Arch ite cture  of PFLOTRAN
Flow  and transport m odule s
PFLO TRAN consists of tw o se parate  m odule s PFLO W  and PTRAN th at can be  
run e ith e r in standalone  or couple d m ode s.  PFLO W  solve s m ultiph ase  flow  
e q uations and PTRAN solve s m ulticom pone nt re active  transport e q uations.  In 
couple d m ode , flow  ve locitie s, saturation, pre ssure  and te m pe rature  fie lds 
com pute d from  PFLO W  are  fe d into PTRAN.  For transie nt proble m s, 
se q ue ntial coupling allow s ch ange s in porosity and pe rm e ability due  to 
ch e m ical re actions to alte r th e  flow  fie ld.

M odular de sign
Both  code s e m ploy a m odular de sign and use  Fortran 9 0 fe ature s to provide  
som e  de gre e  of obje ct orie ntation.  Fortran 9 0 m odule s re duce  unne ce ssary 
sh aring of program  variable s and proce dure s.  PFLO W  use s  m odule s and 
de rive d type s to e ncapsulate  data and th e  m e th ods th at ope rate  on th e m .  A 
PFLO W  drive r program  loads pflow_grid_module, w h ich  provide s a 
constructor function pflowGrid_new th at re turns a pflowGrid obje ct.  Th at 
obje ct contains all data about th e  state  of th e  variable s on th e  flow  grid, but th e  
drive r doe s not acce ss  th ose  dire ctly.  Inste ad, m e th od subroutine s provide d 
by pflow_grid_module are used, for e xam ple  pflowGrid_step w h ich  
advance s th e  flow  sim ulation one  tim e  ste p.

PETSc solve rs
PETSc solve rs (Balay e t al., 19 9 7) are  use d to solve  th e  syste m  of nonline ar 
e q uations arising at e ach  tim e ste p.  PTRAN use s  its ow n Ne w ton solve r 
routine , w h ile  PFLO W  use s  th e  SNES nonline ar solve r fram e w ork  of  PETSc: 
th is  allow s e asy application of various trust re gion or line  se arch  te ch niq ue s  as 
w e ll as m e th ods for ch oosing th e  accuracy re q uire d for e ach  Ne w ton ste p. 
Jacobians can be  e valuate d analytically, or, if m e m ory is  at a pre m ium , a 
m atrix- fre e  approach , in w h ich  th e  action of th e  Jacobian is  calculate d via 
finite  diffe re nce s, can be  e m ploye d.  W e  note  th at th e  m odular 
im ple m e ntation of th e  nonline ar solve rs w e  use  m ak e s  it conve nie nt to add 
ne w  ph ysics to th e  code : a ne w  re sidual function (and, optionally, a Jacobian 
calculation routine ) for th e  Ne w ton- Raph son e q uations sim ply ne e d be  adde d. 
Both  code s use  th e  PETSc KSP line ar solve rs and PC pre conditione rs to solve  
th e  line ar syste m s arising at e ach  Ne w ton ste p; th is  allow s th e  ch oice  of any of 
se ve ral ite rative  m e th ods (e .g. GM RES, TFQM R) or pre conditione rs at runtim e . 
Paralle l pre conditioning h as usually be e n accom plish e d using an additive  
Sch w arz  m e th od w ith  ILU  applie d to e ach  subdom ain.  W e  are  curre ntly 
adding support for ge om e tric m ultigrid te ch niq ue s  using th e  PETSc h igh - le ve l 
DMMG m ultigrid fram e w ork .

Pe rform ance  and scalability
PFLO TRAN be e n de signe d from  scratch  w ith  paralle l scalability in m ind, and it 
displays e xce lle nt scaling ch aracte ristics on m ode rn supe rcom pute rs.  Th e  
figure  at righ t sh ow s th e  pe rform ance  of PFLO W  running a one  ph ase  th e rm o-
h ydrologic be nch m ark  proble m  on a 256 x 64 x 256 grid w ith  th re e  de gre e s  of 
fre e dom  pe r node  (approxim ate ly 12.6 m illion de gre e s  of fre e dom  total).  Th e  
be nch m ark  w as run on both  th e  M PP2 cluste r at PNNL/EM SL, a cluste r of 19 60 
1.5 GH z  Itanium 2 proce ssors w ith  Quadrics QsNe tII inte rconne ct, and Jaguar, 
th e  5200 O pte ron proce ssor Cray XT3 at O RNL/NCCS.  PFLO W  scale s q uite  
w e ll on both  m ach ine s, bottom ing out at around 1024 proce ssors on M PP2, 
and scaling e xce ptionally w e ll on Jaguar, displaying line ar spe e dup all th e  w ay 
up to 2048 proce ssors, and still displaying m ode st spe e dup w h e n going from  
th e re  to 409 6 proce ssors.

PTRAN scale s sim ilarly, w h ich  is  not surprising be cause  its com putational 
structure  is  ne arly ide ntical to th at of PFLO W .  Th e  figure  sh ow s th e  
pe rform ance  of PTRAN on M PP2 running a be nch m ark  proble m  on 256 x 64 x 
256 grid w ith  four de gre e s  of fre e dom  pe r node .

M ath e m atical form ulation
PFLO TRAN consists of tw o distinct m odule s: a m ass and e ne rgy flow  code  
(PFLO W ) and a re active  transport code  (PTRAN).  Th e  m odule  PFLO W  solve s 
m ass conse rvation e q uations for w ate r and oth e r fluids and an e ne rgy balance  
e q uation.  Th e  m odule  PTRAN solve s m ass conse rvation e q uations for a 
m ulticom pone nt ge och e m ical syste m .  Th e  re actions include d in PTRAN 
involve  aq ue ous spe cie s  and m ine rals w h ich  can be  w ritte n in th e  ge ne re ral 
form

and

re spe ctive ly, w h e re  th e  se t of spe cie s  {Aj} re fe r to a se t of prim ary or basis  
spe cie s  in te rm s of w h ich  all oth e r spe cie s  are  w ritte n, Ai de note s an aq ue ous 
com ple x re fe rre d to as a se condary spe cie s, M m  re fe rs to a m ine ral, and vji and 
vjm  are  re action stoich iom e tric coe fficie nts de rive d from  an e xte nsive  
database .

Paralle lism
Paralle lism  is  ach ie ve d using a dom ain- de com position 
approach .  Each  proce ssor is  assigne d a subdom ain of th e  syste m  
and a paralle l solve  of th e  syste m  is  im ple m e nte d ove r all 
proce ssors.  M e ssage  passing is  re q uire d at th e  boundary node s 
to adjace nt proce ssors to com pute  flux te rm s (se e  Figure  be low ). 
PETSc `̀ D istribute d Array'' DA obje cts are  use d m anage  th e  
distribution of fie ld variable s across th e  dom ains and m e ssage  
passing be tw e e n dom ains.  Gh ost point scatte rs and gath e rs are  
h andle d conve nie ntly by DA routine s.

Anom alous be h avior of Pu at th e  Ne vada Te st Site
PFLO TRAN is  be ing use d to unde rstand th e  anom alous m igration of 
radionuclide s at th e  Ne vada Te st Site , w h e re  828 unde rground nucle ar te sts 
w e re  conducte d be tw e e n 19 51 and 19 9 2.

Th e  BENH AM  te st at th e  Ne vada Te st Site , w ith  an announce d official yie ld of 
1.15 m e gatons produce d a sph e rical cavity e stim ate d at 200 m  in diam e te r. 
Th e  bottom  of th e  cavity fille d w ith  m e lte d rock , re fe rre d to as m e lt glass.  A 
cylindrical, rubbliz e d, ch im ne y form e d as rock  above  th e  cavity collapse d, 
e xte nding from  th e  w ork ing point of th e  te st to above  th e  TSA w e lde d tuff 
aq uife r.  Th e  m e lt glass is  th ough t to contain a large  proportion of th e  
radionuclide  inve ntory for Pu, w h e re as oth e r le ss re fractory radionuclide s are  
distribute d be tw e e n th e  m e lt glass and th e  surrounding ch im ne y m ate rial. 
239 ,240Pu and oth e r radionuclide s from  th e  BENH AM  te st h ave  be e n obse rve d 
in suprisingly distant sam pling w e lls: one  in a lava form ation locate d ne ar th e  
de pth  of th e  w ork ing point (W P) and one  in a TSA w e lde d tuff aq uife r locate d 
som e  500 m  above  th e  W P situate d at a de pth  of 1402 m .  PFLO TRAN is  be ing 
use d to unde rstand th is  be h avior.  

M assive ly paralle l h igh  pe rform ance  com puting is  re q uire d to tack le  th e se  
intrinsically 3D  proble m s.  M ode l sim ulations conducte d using PFLO TRAN on 
PNNL/EM SL's M PP2 e xplain part of th e  puz z le  by sh ow ing a pulse  re le ase  of 
radionuclide s to th e  TSA aq uife r ove r a narrow  w indow  in tim e  th rough  th e  
cre ation of conve ction ce lls cause d by h e at re le ase d from  th e  m e lt glass 
(Lich tne r and W olfsbe rg, 2004).

D iscre tization
PFLO TRAN use s  a finite - volum e  discre tiz ation on a re gular grid.  Tim e  ste pping is  fully 
im plicit (back w ard Eule r).  Th e  sch e m e  can be  sum m ariz e d as follow s:
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Figure : Cross se ction sh ow ing ne ar- fie ld 
te m pe rature  distribution afte r an e lapse d tim e  of 
10 ye ars.

Figure : Cutaw ay vie w  sh ow ing stratigraph y of 
grid in 3D  sim ulations.

Figure : Bre ak th rough  curve s (am ounts le aving 
boundarie s) in th e  TSA and LAVA stratigraph ic units.
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Figure : SiO 2(aq ). Figure : Kaolinite Figure :D aw sonite .Figure : Ca2+ .

Figure : Sch e m atic of dom ain- de com position sh ow ing position 
of gh ost node s and m e ssage  passing indicate d by arrow s.

Figure : Cartoon re pre se ntation of re lationsh ips be tw e e n PFLOTRAN and PETSc com pone nts.




