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OVERVIEW

1. Motivation: Simulation of Resistivity Logging Instrumen ts.
Maxwell's Equationns.

3. Methodology:

e The hp-Finite Element Method (FEM) - Exponential Convergence -.
e Automatic Goal-Oriented Refinements -  in the Quantity of Interest -,
e Perfectly Matched Layers (PML).

4. Numerical Results:

e Simulation of 2D Resistivity Logging Instruments.
e Simulation of 3D Resistivity Logging Instruments.

5. Conclusions and Future Work.
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RESISTIVITY LOGGING INSTRUMENTS

Logging Instruments: Definition
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RESISTIVITY LOGGING INSTRUMENTS

Utility of Logging Instruments

OBJECTIVES:; To
determine

e Payzones (oil and
gas).
e Amount of oil/gas.

e Ability to extract
oil/gas.

$
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RESISTIVITY LOGGING INSTRUMENTS

Main Objective: To Solve an Inverse Problem

“w\-k_;‘

A software for solving the DIRECT problem is essential in order to s olve
the INVERSE problem

4
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RESISTIVITY LOGGING INSTRUMENTS

Resistivity Logging Instruments
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MAXWELLS EQUATIONS

3D Variational Formulation

Time-Harmonic Maxwell’'s Equations

V x H= (¢ + jwé)E + J™ Ampere’s law

V X E=—jwigH — M  Faraday’s law

V-(eE) =p Gauss’ law of Electricity
V-.-(pH) =0 Gauss’ law of Magnetism

E-VARIATIONAL FORMULATION:

( Find E € Ep + Hp(curl; 2) such that:

/(,i—lv « E) - (V x F) dV—/(kzzE)-FdV: —jw/Jimp.de
Q Q Q

7\,

—|—jw/ Jif;p -F; dS — /Q(,L:L_lMimp) -(V x F)dV VF € Hp(curl; Q)

\ I'n
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MAXWELLS EQUATIONS

2D Variational Formulation (Axi-symmetric Problems)

E, -Variational Formulation (Azimuthal)
[ Find Ey € Eyp + H(Q) such that:

—I—jw/ szp F¢ dS—/(up,lemp) F¢ dV VFy € H})(Q)
I'n

7\

\

E,. . -Variational Formulation (Meridian)
( Find (Ey, E.) € Ep + H p(curl; Q) such that:
/( o VXE, ) (VxF,.)dV — /(k E,:) - Fp.dV =

J"mpF + JmPE. dV 4 jw / JP o+ JUP F, dS

I'n

/( _1Mzmp) sz dV A4 (Fp, Fz) - HD(CUI'I Q)
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MODEL PROBLEMS OF INTEREST
T 1
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MODEL PROBLEMS OF INTEREST

NO WATER INVASION
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Variations due to frequency are small (below 5%)
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THE hAp-FINITE ELEMENT METHOD (FEM)

The h-Finite Element Method

1. Convergence limited by the polynomial degree, and large material
contrasts.

2. Optimal h-grids do NOT converge exponentially in real applications.

¢ 3. They may “lock” (100 % error).

The p-Finite Element Method

3

1. Exponential convergence feasible for analytical (“nice”) solutions.
2. Optimal p-grids do NOT converge exponentially in real applications.

3. If initial h-grid is not adequate, the p-method will fail miserably.
e

1. Exponential convergence feasible for ALL solutions.
2. Optimal hp-grids DO converge exponentially in real applications.

3. If initial hp-grid is not adequate, results will still be great.

£

10
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GOAL-ORIENTED ADAPTIVITY

Mathematical Formulation (Goal-Oriented Adaptivity)

Let’s L be the quantity of interest (EX.: first vertical difference of electri c field).

We consider the following problem (in variational form):
{ Find L(¥), where ¥ € V such that :
b(¥,&) = f(§) VEe€V.

We define residual r.(£) = b(e, &). We seek for solution G of:

Find G € V" ~ V such that :
G(r.) = L(e) .

This is necessatrily solved if we find the solution of the dual problem:

Find G € V such that :
b(¥,G) =L(¥) VP eV.

Notice that L(e) = b(e, G).

11
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GOAL-ORIENTED ADAPTIVITY

Mathematical Formulation (Goal-Oriented Adaptivity)

DIRECT PROBLEM - ¥ - DUAL PROBLEM - G -
2D Cross-Section 2D Cross-Section

THTHINRI
i

Representation Formula for the Error in the Quantity of Interest:

L(T)=b(T,G) = /ﬂ o VU VGAV

12
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GOAL-ORIENTED ADAPTIVITY

Mathematical Formulation (Goal-Oriented Adaptivity)

We define: e = ¥ — Wy, ¥ exact solution of direct problem
e = G — Ghpp. G exact solution of dual problem

Upper Bound for the Error in the Quantity of Interest:

L(e)| = [b(e, @)| = |b(e, )| = |/Qa Ve VedV| <

ALGORITHM I: Z|/ o VeVedV| <

ALGORITHM II: Z\// J(Ve)2dV\// o (Ve)2dV

13
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SELF-ADAPTIVE GOAL-ORIENTED hp-FEM

Algorithm for Goal-Oriented Adaptivity - STEP | -

Solve
Direct
and Dual
Problems
on Grid
hp

Solve
Direct
and Dual
Problems
on Grid

h/2,p+1

Use the fine grid solution to estimate the coarse grid error function.
Apply the fully automatic goal-oriented hp-adaptive algorithm.

Next optimal hp-grid:

www.ices.utexas.edu/%7Epardo
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SELF-ADAPTIVE GOAL-ORIENTED hp-FEM

Algorithm for Goal-Oriented Adaptivity - STEP I -

Solve
Direct
and Dual
Problems
on Grid
hp

Solve
Direct
and Dual
Problems
on Grid

h/2,p+1

Use the fine grid solution to estimate the coarse grid error function.
Apply the fully automatic goal-oriented hp-adaptive algorithm.

Next optimal hp-grid:

www.ices.utexas.edu/%7Epardo
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SELF-ADAPTIVE GOAL-ORIENTED hp-FEM

Algorithm for Goal-Oriented Adaptivity - STEP Il -

Solve
Direct
and Dual
Problems
on Grid
hp

Solve
Direct
and Dual
Problems
on Grid

h/2,p+1

Use the fine grid solution to estimate the coarse grid error function.
Apply the fully automatic goal-oriented hp-adaptive algorithm.

Next optimal hp-grid:

www.ices.utexas.edu/%7Epardo
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SELF-ADAPTIVE GOAL-ORIENTED hp-FEM

Algorithm for Goal-Oriented Adaptivity - STEP |V -

Solve Solve
Direct Direct
and Dual and Dual
Problems Problems
on Grid on Grid
hp h/2,p+1

Use the fine grid solution to estimate the coarse grid error function.
Apply the fully automatic goal-oriented hp-adaptive algorithm.

Next optimal hp-grid:

17
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2D hp-FEM: NUMERICAL RESULTS

Description of Antennas

Magnetic Buffer
10000 Ohm m
10000 Rel. Perme.

15 cm

100 cm
10 cm

Borehole
0.1 Ohm m
Radius=10.8 cm

100 cm

50 cm

>

Radius 7.6 cm
Goal: To Study the Effect
of Invasion, Anistotropy, and
Magnetic Permeability.

18
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2D hp-FEM: NUMERICAL RESULTS

First. Vert. Diff. E, (solenoid). Position: 0.475m

Goal-Oriented hp—Adaptivity Energy—-norm hp—Adaptivity

103 F T T T 3 103 3 T T T 3
g — Upper bound for |L(e)|/|L(u)] /1 s —Energy-norm error |

5 == -|L(e)l/|L(u)] 1 o - = -|Le)lIL(u)]
10" ¢ E 10" £ J
1 I 1 ]

Relative Error in %
|_\
(@)
T
Il
Relative Error in %
|_\
o
T

10_ 7 E 10_ * 4
10_4§ E 10_4§ E
10_57 | | | . 10_57 | | |
0 1000 8000 27000 64000 0 1000 8000 27000 64000
Number of Unknowns N (scale N1/3) Number of Unknowns N (scale Nm’)
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2D hp-FEM: NUMERICAL RESULTS

Goal-Oriented vs. Energy-norm  hp-Adaptivity

Problem with Mandrel at 2 Mhz.

Continuous Elements (Goal-Oriented Adaptivity)

Quantity of Interest Real Part Imag Part
COARSE GRID -0.1629862203E-01 |-0.4016944732E-02
FINE GRID -0.1629862347E-01 | -0.4016944223E-02

Continuous Elements (Energy-norm Adaptivity)

Quantity of Interest Real Part Imag Part
0.01% ENERGY ERROR |-0.1382759158E-01 | -0.2989492851E-02

It is critical to use GOAL-ORIENTED adaptivity.

20
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2D hp-FEM: NUMERICAL RESULTS

First. Vert. Diff. E, (solenoid). Position: 0.475m
GOAL-ORIENTED HP-ADAPTIVITY (Quadrilateral Elements)

1.085185 2Dhp90: A Fully automatic hp-adaptive Finite Element code
-1.137037 _|
0.7222222 2.870370
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2D hp-FEM: NUMERICAL RESULTS

First. Vert. Diff. E, (solenoid). Position: 0.475m

GOAL-ORIENTED HP-ADAPTIVITY (ZOOM TOWARDS FIRST RECEIVER
ANTENNA)

0.434444 2Dhp90: A Fully automatic hp-adaptive Finite Element code

......
vvvvv

0.360

1.7160494E-02 0.1369136

22
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First Vert. Diff. H, for different antennas
No Invasion
3 H . 3 T T H
a Vert. Dipoles (Ring) 8 Vert. Dipoles (Ring)
+ Toroid + Toroid
2.5¢ SR
3
E E i
E E 2r 108 Ohm-m 1
c c ot
(9 (3 o
2 2 1.57 ..... |
o o &
< £ o +*
= = - s B
S |
[n'd [n'd -I- .o.
5 S 05) 8, 1 Ohm-m"*s, .
c c .
S S
g - S W o]
[a o *.
E E 10000 DHm-m
> 3 > $
$ 3
-1t 100 Chfn—m 1 -1+ 100 Phm-m i
_1 5 E —1 I I | i
107° 10° —'goo -100 0 100 200
Amplitude First Vert. Diff. Magnetic Field (A/n?) Phase (degrees)
In LWD instruments, we obtain similar results using toroids or a ring of vert. dipoles

www.ices.utexas.edu/%7Epardo

23

High Performance Finite Element Software




D. Pardo, M. Paszynski, C. Torres-Verdin, L. Demkowicz 14 Jun 2006

2D hp-FEM: NUMERICAL RESULTS

First Vert. Diff. FE. for a toroid antenna

No Invasion
3 T T 3 T

2.5r 1 2.57 1

1.5¢ o A

1.5¢ .

Vertical Position of Receiving Antenna (m)
o‘......
Vertical Position of Receiving Antenna (m)
*

-1t 100 Ogn—m ] -1 100 Ohm-m ]

-15 ‘ : -1. L 1 |
10" 1072 10° ) 10° —EOO -100 0 100 200
Amplitude First Vert. Diff. E (VIm%) Phase (degrees)

Toroids are adequate for identifying highly resistive layers
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2D hp-FEM: NUMERICAL RESULTS

First Vert. Diff. E, for a solenoid antenna

No Invasion
3 ‘

3 ‘

j
hm-m

1 2.5F q

2F 100 Ohm-m ]

=
[¢)]
T

1 Ohm-m .

10000 Ohm—-m

10000 Ohmgm

Vertical Position of Receiving Antenna (m)
a
a

Vertical Position of Receiving Antenna (m)

-1 100 Ohmgm 1 100 Ohm—-m 1

-15 : . ! -1. L 1 I
0.04 0.08 0.12 0.16 0.2 —5‘00 -100 0 100 200

First Vert. Diff. Amplitude of Electric Field (V/nf) Phase (degrees)

Solenoids are adequate for identifying low resistive layers
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2D hp-FEM: NUMERICAL RESULTS

Use of Magnetic Buffers ( E, for a solenoid)

No Invasion Solenoid
3 T : 3 T T
+ With Magnetic Buffers + With Magnetic Buffers

25l ° Without Magnetic Buffers| | 25l ° Without Magnetic Buffers| |
E E
= 2 100 Ohm-m ] < 2r 100 Ohm-m ]
S 15 1 g 15 1
g g
F RN L EEL EEEEEFEEREPEERERE SEEEERERES R e T
(8] - (8]
x i
S 0.5f 1 Ohm-m 1 IS 1 Ohm-m 1
S S
B of- R — B oY
< 10000 Ohm-m < 10000 Ohm-m
5 -05F----f---mm g 5 iaiainiiit : Sttty
> >

-1f 100 Ohm-m ] 100 Ohm-m ]

-1.5 . -1. L I |
107 1072 10° —EOO -100 0 100 200

First Vert. Diff. Amplitude of Electric Field (V/nf) Phase (degrees)

Use of magnetic buffers strengthen the signal in combination with solenoids
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2D hp-FEM: NUMERICAL RESULTS

Use of Magnetic Buffers ( H for a toroid)

No Invasion Toroid
3 R 3 T T '
+ With Magnetic Buffers + With Magnetic Buffers

25l ° Without Magnetic Buffers| | 25l ° Without Magnetic Buffers| |
B B }
= = 2 100 Ohm-m M ]
£ £
5 g &
g £ 15 f" *
()] (@]
£ £
> > 40
= = 1 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
) [}
: : 5.
4 24 o...
S S 05f 1 Ohm-m %, .
5 5 K
3 3 %
o o (0] il . Tl
e e e
8 3 . b ] 10000 Ohm-m o
5 5 —05r - - -
> >

-1t 100 Oagm-m ] -1f 100 Ohm-m ]

-15 -1. ; ; ;
10° 10° 10° —SOO -100 0 100 200

First Vert. Diff. Amplitude of Magnetic Field (A/n12) Phase (degrees)

However, magnetic buffers weaken the signal in combination with toroids
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2D hp-FEM: NUMERICAL RESULTS

Invasion study ( E, for a solenoid)

Invasion Study Solenoid
3 T T T 3 T T

+ No Invasion + No Invasion

8 0.15m Invasion s (0.15m Invasion

¢ 0.4m Invasion || 2.57 ¢ 0.4m Invasion ||
a o 0.9m Invasion £ o 0.9m Invasion
= = 2 ; 100 Ohm-m ]
g g §
g g H
é é 1 5’ ::' ...o’ 7
(@) (@) [ S - *
£ £ § i’
> >
3 R S B (
3 2 Y
[ e '}
S S o051 m — m=—> 1 Ohm-m-+
S S
%) %)
DO_ DO_ Or-——--8®§ ~—"""""""""""""------- 1
8 8 10000 Ohm—-m
5 5 -05r-----@F------""-----------o-- oo
> >

-1r 100 Ohm—-m ]
-1.5 : : S -1, : :
107t —EOO -100 0 100 200

Amplitude First Vert. Diff. Electric Field (V/nf) Phase (degrees)

Large invasion effects can be sensed using solenoids
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2D hp-FEM: NUMERICAL RESULTS

Invasion study ( H, for a toroid)

Invasion Study Toroid
3 ‘, 3 \ \ 1
M + No Invasion + No Invasion
M = 0.15m Invasion ® 0.15m Invasion
2.5 # ° 0.4m Invasion || 2.57 e 0.4m Invasion ||
a @ ° 0.9m Invasion £ o 0.9m Invasion
= 2 100 Qffm—m . = 2 100 Ohm-m i
c . c -
c Fr c .
() - () »
S 15 1 E 15 -
o o o
£ s, = o'
I TS R nREEEE T R et S
(8] (8] .
(&) &) - -
o va fe, | ¢
S 0.5F 100 Ohm - m % 1 Ohm-m- S 0.5F 100 Ohm - m=> ‘=1 OHglh—m-
B XL S S ® ).
S O o e, ) g O go
3 ~{ 10000 Ohm-m % | B 10000 Ohm-m .
> >
-1f 100 Ofm-m ] -1r 100 Ohm-m ]
-15 -1, : : :
10° 10° L0  -100 0 100 200

Amplitude First Vert. Diff. Magnetic Field (A/n?) Phase (degrees)

Small invasion effects can be sensed using toroids
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2D hp-FEM: NUMERICAL RESULTS

Invasion study ( E, for a solenoid)

Invasion Study Solenoid
3 T T T 3 T T
+ No Invasion + No Invasion
a (0.15m Invasion a (0.15m Invasion
2.5 ¢ 0.4m Invasion || 2.5¢ ¢ 0.4m Invasion ||
o 0.9m Invasion o 0.9m Invasion

2+ hm-m : 2r 100 Ohm—-m .
1.5¢ 1 1.5¢ 1
1h---Bg - e e

1 Ohm-m .

100 Ofm - m=> 10000 Ohm-m

Vertical Position of Receiving Antenna (m)
Vertical Position of Receiving Antenna (m)

—0.5F - —0.5F -
-1r 100 Ohmgm . -1F 100 Ohm-m ]
_1 5 ! ! L —1_ I I |
0.04 0.08 0.12 0.16 0.2 L300 -100 0 100 200
Amplitude First Vert. Diff. Electric Field (V/nf) Phase (degrees)

Invasion in resistive layers cannot be sensed using solenoids
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2D hp-FEM: NUMERICAL RESULTS

Invasion study ( H, for a toroid)

Invasion Study Toroid
3 3 w w |
+ No Invasion + No Invasion
a (0.15m Invasion a (0.15m Invasion
2.5¢ ¢ 0.4m Invasion || 2.5¢ ¢ 0.4m Invasion ||
o 0.9m Invasion o 0.9m Invasion

E E
= 2 100 -m ] < 2r 100 Ohm-m ]
c c
c c
() ()
S 15 1 E 15 -
()] (@]
£ £
B ATy o 2
(8] (8]
(&) &)
nd nd
S 0.5 1 5
c c
2 S
- S SR 3
e L e
E 10(5 Ohm. m 10000 Ohm—-m E
i o e e £
> >

-1 1 -1r 100 Ohm-m 1

-1.5 -1. L I |
10~ 10° L300 -100 0 100 200

Amplitude First Vert. Diff. Magnetic Field (A/n?) Phase (degrees)

Invasion in resistive layers should be studied using toroids
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2D hp-FEM: NUMERICAL RESULTS

Invasion and mandrel magnetic permeab. (  Ey)

Invasion Study Solenoid
3l T . "R 3 8. T T
i » No Invasion + No Invasion
a (0.4/0.9 m Invasion
o

3 8 0.4/0.9 m Invasion
i © 0.4/0.9m Invasion, Perm. Mandrel=100 | 0.4/0.9m Invasion, Perm. Mandrel=100 |

2.5 2.5

100 Ohm—-m 1

N
N
T

=
(62
=
(6)]
T
e

[
T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

.‘0.'.
[
I

[

Vertical Position of Receiving Antenna (m)
Vertical Position of Receiving Antenna (m)

0.5 0.52 Gfyn-m (0.4m)—> 1 Ohm-m-
O O ______________________________
5 Oh (0.9m) =—>»10000 Ohm-m
~0.5F-----mmmm oo ~0.5r -~ -Bf--- o
-1 -1f 100 Ohm-m ]

1504 0.08 012 0.16 0.2 L300 ~100 0 100 200

Amplitude First Vert. Diff. Electric Field (V/nf) Phase (degrees)
The effect of magnetic permeability on the mandrel is similar to the effect of magnetic buffers
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2D hp-FEM: NUMERICAL RESULTS

14 Jun 2006

Anisotropy ( Hy)

Anisotropy Study
3 |
+ No Anisotropy
55l g 1x5Q Om |
' o 1x5 Q [On ; 1000x10000 Q [m
2F 100 Ogm-m ]
1.5+ 1

Vertical Position of Receiving Antenna (m)

-15
107

0
10
Amplitude First Vert. Diff. Magnetic Field (A/n?)

Vertical Position of Receiving Antenna (m)

Toroid
3 w B
+ No Anisotropy
o5l B 1x5 Q |
' o 1x5 Q [On ; 1000x10000 Q [m
2 100 Ohm-m ]
1.5F ]

100 Ohm—-m

L300

-100

0 100
Phase (degrees)

200

Anisotropy effects may be important when studying resistive layers
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PERFECTLY MATCHED LAYER (PML)
Perfectly Matched Layer (PML) Formulation
The PML is composed of the following anisotropic materials:
¢ - B% 0 0
OPML = f\ﬁ ) PSp )
Sem=Re 5 A=| 0 Zes, 0| 5 5= [ s
\ Bpyvr = AfL 0 0 éi
PSz |

Sp, S¢, and s, are the stretching coordinate functions. We define:

Sp=8p=8,=14+¢—J0¢
We consider three different PMLs by defining three different func tions ¢(x):

( 17
mi(@) = 2072 puLL
1 — I
?(*) =\ u(a) = 20000 (—w — m”) pML2, % € (@0, @1)
1 — Lo
| ¢s(x) = 10000 PML 3.

Within the PML, both propagating and evanescent waves become arb

itrarely
fast evanescent waves.
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PERFECTLY MATCHED LAYER (PML)

Z
1
Axisymmetric 3D problem.
=
(@]
o
] Six different materials.
=
(@] .
3 5
S Through casing resistivity
| instrument.
24N
O
= 3 Varying coefficients by up to
= 10 orders of magnitude.
o
S
T,

10 cm.
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PERFECTLY MATCHED LAYER (PML)

Final hp-Grid with a 0.5 m Thick PML.

Receiver I —— =
Receiver | —

Transmitter — e=————=

1«
) D> B

D> >
nww;i
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PERFECTLY MATCHED LAYER (PML)

Reference Solution: PML 1 (5 m x 2.5 m)

10' I
; -5-400 x 100
~e-1600 x 400
' -+-6400 x 1600
o o— ——___
01 ~-25600 x 6400
10 gomm=====- O==-====== L R o

Rel. Error in Abs. Value in the Quantity of Interest (in %)

10_1§
LR mmmmmm——— - _k\
10°
Frequency (kHz)
PMLs provide accurate solutions without reflections from the bound ary
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PERFECTLY MATCHED LAYER (PML)

Number of unknowns employed by the self-adaptive
goal-oriented hp-FE method as a function of the size of
computational domain and presence of a PML

Domain Size (m) | Nr. Unknowns Nr. Unknowns

(= 1% error) (=~ 0.01% error)
PML1(5x2.5) 19541 (0.083%) | 24886 (0.037%)
PML 2 (5x2.5) 7095 (0.29%) 13345 (0.006%)
PML 3 (5x2.5) 8679 (1.04%) 19640 (0.009%)
6400 x 1600 12327 (0.43%) | 18850 (0.014%)
12800 x 3200 12964 (0.43%) | 18892 (0.014%)
25600 x 6400 12099 (1.22%) | 19828 (0.037%)

PML 2 provides considerable savings
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3D hp-FEM: NUMERICAL RESULTS (DC)

Electrode Problem

100 m - 0.1m 99.9m
BACKGROUND: 1 Ohm . m 99 m

Loop antenna in

RECEIVER @ ,,,,,,,,,,,,,,,,,,,,,,,,,,, a homogeneous media at DC.
3 Im

@ Computational domain:
TRANSMITTER &< 0 >

| 100 m x 100 m.

CROSS SECTION OF /

ANTENNAS: 0.05 mix 0.05m 100 m
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3D hp-FEM: NUMERICAL RESULTS (DC)

Electrode Problem

Final hp-grid Final solution

2D Solution: 0.078131

| 3D Solution: 0.078121
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3D hp-FEM: NUMERICAL RESULTS (DC)

Axisymmetric Model Problem

i e Borehole and
four materials on the
formation.

. ' e Size of
A computational
| domain:  100m X
g 1 Ohm m g 100m.
0 e Size of electrode:
£ 0.05m x 0.05m.
e Objective: Compute
First Vertical
Difference of
Potential.
41
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3D hp-FEM: NUMERICAL RESULTS (DC)
Axisymmetric Model Problem
Comparison Between 2D and 3D Results
35 —— 3 ‘ ‘ ‘ :
— 2D hp-FEM
-6-3D hp-FEM
3 s J |
= 2.5 E ) |
g g
£ 2 =
ks o 15 1
% 1.5 %
g g 1 f
5 5
S IS
= S
-0.5 -0.5 i
Tt e ) 01 02 03 04 05

First Vert. Diff. (Normalized) of Potential (V/m)
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3D hp-FEM: NUMERICAL RESULTS (DC)

Axisymmetric Model Problem

MEMORY TIME
5000 \ 7000 \
-=-Two grid (iterative) solver == Time used by adaptivity
4500r |—MUMPS (direct) solver 1 -=-Time used by TG (iterative) solver
6000 |—Time used by MUMPS (direct) solver
40001 |
3500~ ] 5000~
& 2000 |
2 3000 4000
P
E 25001 b .qé
[ L
< 2000- 1 3000
10001 1
1000r
500 7 PR
0 150000 250000 350000 0 150000 250000 350000
Number of Unknowns Number of Unknowns
1.2 Ghz processor
lterative solvers are needed for simulation of 3D resistivity log ging
applications
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3D hp-FEM: NUMERICAL RESULTS (DC)

Fichera problem (unknown exact solution)

CTIVE: INTEGRAL OF SOLUTION
OVER THIS BRICK

z

PN

Equation: —Au =0
Boundary Conditions: Neumann, Dirichlet

7 o Em

¥ o

Solution of Direct Problem Solution of Dual Problem
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3D hp-FEM: NUMERICAL RESULTS (DC)

Fichera problem (final hp-grids)

£
&L H A

Goal-oriented (algorithm 1) Goal-oriented (algorithm 1)

Energy-norm:
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3D hp-FEM: NUMERICAL RESULTS (DC)

Fichera problem (convergence history)

Convergence History

10 ¢ ENERGY NORM v GOAL ORIENTED a GOAL ORIENTED
(Algorithm 1) (Algorithm II)

x

c 14
£

| -

o

| -

| -

w

[0] |

2 o1

0.01 ‘ |
100 1000 10000

Number of Unknowns (coarse grid)

Exponential Convergence in the Quantity of Interest
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CONCLUSIONS AND FUTURE WORK

14 Jun 2006

e The self-adaptive goal-oriented hp-adaptive strategy converges
exponentially in terms of a  user-prescribed quantity of interest
CPU time.

e We obtain fast, reliable and accurate solutions for problems with a
dynamic range and high material constrasts.

e We obtain meaningful physical conclusions that are useful for
instrument modeling and for assesment of petrophysical prope

Work in Progress

multigrid solver.

multi-physic problems.

vS. the

large

rties.

e To further develop the parallel version of the 3D hp-FE code as well as a

e To apply the self-adaptive goal-oriented  hp-FEM for inversion of 2D

Department of Petroleum and Geosystems Engineering, and
Institute for Computational Engineering and Sciences (ICES)
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