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�
To produce an interactive groundw

ater rem
ediation

research and design tool that w
ill utilize the

com
putational pow

er of an M
P

P
 m

achine (Intel
P

aragon) and the graphical capabilities of a graphics
w

orkstation (S
G

I w
orkstation).
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�
Large scale groundw

ater rem
ediation experim

ents
either for research or design purposes can be costly in
term

s of tim
e and effort.

�
A

n interactive tool can greatly m
inim

ize the need to
perform

 repeated sim
ulations inorder to arrive at an

optim
al rem

ediation design.
�

T
he ability to perform

 effective interactive sim
ulations

depend on the follow
ing

�
A

pplication C
ode – S

peed of com
putations

�
H

igh perform
ance com

puting system
s

�
P

ow
erful com

putational algorithm
s

�
G

raphical Interface F
ront–E

nd

�
E

ffective com
m

unication betw
een the G

raphics F
ront–E

nd and
the application code
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A
P
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AT
IO

N
 C

O
D

E P
G

R
E

M
3D

�
P

G
R

E
M

3D
: P

arallel G
roundw

ater T
ransport and

R
em

ediation C
ode (

M
ahinthakum

ar, 1997
)

�
P

rim
arily intended for large scale sim

ulations

�
P

G
R

E
M

3D
 has three m

ain m
odules:

�
F

inite E
lem

ent F
low

�
F

inite E
lem

ent T
ransport

�
P

article T
racking T

ransport 
(not used in this study)

�
F

inite E
lem

ent F
low

�
3D

 steady state saturated flow

�
F

inite E
lem

ent T
ransport

�
3D

 advection–dispersion w
ith first order kinetic and nonlinear

biorem
ediation reactions
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M
A

IN F
E

AT
U

R
E

S O
F P

G
R

E
M

3D T
R

A
N

S
P

O
R

T

�
T

hree–dim
ensional advection–dispersion equation

w
ith first order kinetic and nonlinear biorem

ediation
reactions.
�

F
lexible

 boundary conditions w
ith options to use tim

e–dependent
and cyclic tim

e–dependent cases.

�
G

alerkin finite–elem
ents w

ith 8–node hexahedral
elem

ents.
�

Logically rectangular grid structure (w
ith ”natural ordering” of

nodes and elem
ents) w

ith options to use uniform
 rectangular

,
non–uniform

 rectangular
, and fully distorted grids.

�
S

olution algorithm
s

�
N

on–linearity handled by picard iterations

�
M

atrix solution perform
ed by iterative K

rylov solvers. O
ptions

available to use B
iC

G
S

T
A

B
, G

M
R

E
S

(m
), O

R
T

H
O

M
IN

(k), and C
G

S
.

�
P

arallelization using 2–D
 dom

ain decom
position

�
explicit m

essage passing using N
X

 or M
P

I

�
portability has been tested on Intel P

aragons, S
G

I P
ow

er
C

hallenge A
rrays, C

ray/S
G

I O
rigin–2000, C

onvex E
xem

plar
S

P
P

–1200, and IB
M

 S
P

.
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�
A

 lum
ped form

ulation is used for all zeroth derivative
and tim

e derivative term
s including non–linear

coupling term
s

�
this in turn greatly sim

plifies the im
plem

entation by m
aking the

off–diagonal coupling blocks to be unit diagonal
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PA
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L
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P
LE

M
E

N
TAT

IO
N

 O
F P

G
R

E
M

3D

�
Tw

o–dim
ensional dom

ain decom
position

�
com

m
unication w

ith at m
ost 8 neighboring processors

�
natural node ordering for individual processor regions

�
E

xplicit m
essage passing required to exchange

inform
ation at processor boundaries especially during

finite–elem
ent assem

bly and m
atrix–vector product

stages
�

N
X

 com
m

unication library for Intel architectures

�
M

P
I for other architectures

�
S

calability has been dem
onstrated up to 1024

processors of the Intel P
aragon
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A
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E
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M

P
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S
IT
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N

P
lan V

iew
 of Tw

o–D
im

ensional D
om

ain D
ecom

position
(show

ing a 4x3 processor decom
position)

overlapping
 processor

regions
individual processor
regions

(arrow
s show

 com
m

unication pattern)
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M
A

IN F
E

AT
U

R
E

S O
F G

3D A
N

D C
O

N
T

R
O

LLE
R

 LIB
R

A
R

Y

�
G

raphical U
ser Interface G

3D
 (

Johnson et al., 1997
)

�
pre–processing capabilities

�
grid and boundary condition specification/editing

�
m

aterial properties and initial conditions

�
post–processing capabilities

�
m

ultiple orthogonal slices

�
m

ultiple isosurfaces (both opaque and sem
i–transparent)

�
tim

e anim
ations

�
C

ontroller library (
K

aulgud et al., 
1997)

�
uses R

P
C

 calls w
ith T

C
P

 to exchange data betw
een the C

lient
(S

G
I w

orkstation) and the S
erver (Intel P

aragon)

�
X

D
R

 library is used to handle byte–ordering betw
een m

achines

�
Tracking (S

erver to C
lient)

�
interactively visualize progress of a sim

ulation

�
S

teering (C
lient to S

erver)

�
interactively steer the com

putation
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C
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odes

Service Node

G
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raphical

Interface

P
G
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E

M
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A
pplication

C
ode

D
isk F

iles
 D

istributed
array data
w

rite to file

N
X

/M
P

I calls

RPC Calls with TCP (XDR Format)

 S
calar Variables and

F
ile N

am
es

 S
teering P

aram
eters

STEERING

TRACKING

 S
teering and Tracking

 C
ontroller P

aram
eters

 A
rray and S

calar
Variables

IN
T

E
L

P
A

R
A

G
O

N

m
yhost()

 U
S

E
R
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�
user w

ill w
rite a few

 routines on the server side w
hich

w
ill be used to com

m
unicate w

ith the server library
exam

ples are provided w
ith the library

�
register all variables (for initialization)

�
send variables (for tracking)

�
concentrations, rem

ediation efficiency etc.

�
get param

eters (for steering)

�
pum

ping rates, injection rates etc.

�
these routines w

ill then be called from
 the application

code at desired break points
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�
T

he test problem
 is a slight m

odification of the W
aterloo P

roblem
(S

egol, 1994
).

�
F

ully
 heterogeneous hydraulic conductivity field generated by the

turning bands algorithm
 (

Tom
pson et al., 1989

).

�
contam

inant plum
e is generated from

 a naturally leaching source
w

hich is capped after a certain duration.
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C
O
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C

LU
S

IO
N

S

�
A

n integrated user environm
ent for groundw

ater
rem

ediation designs has been created by coupling an
application code w

ith a graphical controller library
�

B
oth tracking and steering capabilities have been tested

�
A

 groundw
ater rem

ediation experim
ent involving coupled

biorem
ediation and pum

p–and–treat system
 has been tested

�
F

uture w
ork needs to be done inorder to bring this to

an industrial strength production environm
ent

�
T

he application code P
G

R
E

M
3D

 needs future w
ork to handle

unsaturated and m
ulti–phase flow

, flow
 in fractured m

edia,
geochem

ical reactions, bacterial transport etc.

�
N

ew
 hooks need to be built

 into both the application code and the
library to handle w

ell positioning, sim
ultaneous visualization of

m
ultiple variables, autom

atic display of rem
ediation curves etc.
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