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2. MOTIVATION

Modeling of a Logging While Drilling (LWD) electromagnetic measuring device

SIDEVIEW .-

DIFFERENT MATERIAL
LAYERS

Goal: Determine EM field at the receiver antennas.
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3. MAXWELL'S EQUATIONS

Time Harmonic Maxwell’s Equations:

VX E=—juwH
V x H = jweE + oE + J/P

Reduced Wave Equation:

V x (iV X E) — (WP — jwo)E = —juJ ™
Boundary Conditions (BC):

e Dirichlet BC at a PEC surface:
nx E°=—nx E"™ nx E=0
e Neumann continuity BC at a material interface:

1 1 ‘ 1
nx —VxE=-nx—-Vx E" nx -V xE=—jwld"
u u u

e Silver Muller radiation condition at oo:
e, X (V x E®) — jko x ES =O(r~?)
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3. MAXWELL'S EQUATIONS

Main difficulties in order to solve Maxwell’s equations
numerically:

Solve Laplace equation numerically

Solution: A suitable numerical method for solving PDE’s

For zero time frequency, curl equations do NOT see gradients

Solution: Impose explicitly divergence free conditions into the formulation

The problem is NOT positive definite
Solution: Use a minimum of about 10 nodes per wavelength
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4. hp-FINITE ELEMENTS

Different refinement strategies for finite elements:

4

Given initial grid

h-refined grid p-refined grid hp-refined grid
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4. hp-FINITE ELEMENTS

Exponential convergence rates
for a number of regular and SINGULAR problems

for optimal hp-grids
in the asymptotic range (theoretical and numerical results), and
in the pre-asymptotic range (numerical results).

Smaller dispersion (pollution) error

as p increases.

More geometrical details captured

as h decreases.
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4. hp-FINITE ELEMENTS

2Dhp90, 3Dhp90: main features
e Isoparametric hexahedras.
e Isotropic and anisotropic mesh refinements.
e Geometrical Modeling Package (GMP).
e New data structure in Fortran 90.
e Constrained information reconstructed (not stored).
e Two levels of logical operations:

1. operations for nodes - problem independent.
2. operations for nodal dof - problem dependent.

e Fully automatic hp-adaptive strategy.

—provides exponential convergence rates—
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4. hp-FINITE ELEMENTS

Orthotropic heat conduction example

v [N

Equation: V(KVu) = f*)

K — K& — K& 0
0o K@ Solution: unknown
Kg(ck) = (25, 7, 5, 0.2, 0.05) Bpundary Conqlitions;
K® = (25, 0.8, 0.0001, 0.2, 0.05) KOVuy.-n=g® —al®y
39. ror
1 SCALES: nrdof~0.33, log(error)

N«

Convergence history Final hp grid
(tolerance error = 0.1 %)
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4. hp-FINITE ELEMENTS

ERROR IN THE RELATIVE ENERGY NORM (%)

Convergence comparison

Orthotropic heat conduction example

— h—-Adaptivity
—— A priori hp—adaptivity
hp—Adaptivity

0 1000 8000 27000 64000 125000 216000 343000 512000
NUMBER OF DOF
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4. hp-FINITE ELEMENTS

David Pardo

Fully automatic hp-adaptive strategy

global hp-refinement

global hp-refinement —
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4. hp-FINITE ELEMENTS

Automatic hp-adaptivity delivers exponential convergence
and enables solution of challenging EM problems

¢

Coarse Grid
hp—grid

Fine Grid
h/2,p+1-qrid

|

Next optimal coarse grid

i

NEED FOR A TWO GR' D SOLVER Minimization of the

projection based
interpolation error
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5. NUMERICAL RESULTS

Edge diffraction example: Laplace equation over L-shape domain

01=P

(-1.-1)

Dirichlet Boundary Conditions
u(boundary)=—In r, r=sqgrt (X*x+y*y)
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5. NUMERICAL RESULTS

Edge diffraction example: Convergence history

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

30.89 SCALES: nrdof~0.33, log(error)

0.0 nrdof

21 | 201 | 722 | 1763 ' 3505 | 6126 | 9808 1 14730 1 21074
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom =1

2Dhp90: A Fully automatic hp-adaptive Finite Element cod
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom =10

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

SABBE44b
SlED i R R
E S e
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 100

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 1000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 10000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 100000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 1000000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 10000000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS
Edge diffraction example: final hp-grid, Zoom = 100000000

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

22
Supervisor: Alexandre Bespalov Baker-Atlas




22-May 2003 David Pardo

5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 1000000000

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

.&
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5. NUMERICAL RESULTS
Edge diffraction example: final hp-grid, Zoom = 10000000000

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

1&
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5. NUMERICAL RESULTS
Edge diffraction example: final hp-grid, Zoom = 100000000000

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

I&
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5. NUMERICAL RESULTS

Edge diffraction: final gradient of solution, Zoom = 1000000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS

Edge diffraction: final gradient of solution, Zoom = 10000000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS

Edge diffraction: final gradient of solution, Zoom = 100000000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS

Edge diffraction: final gradient of solution, Zoom = 1000000000

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

... I
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5. NUMERICAL RESULTS

Edge diffraction: final gradient of solution, Zoom = 10000000000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS

Edge diffraction: final gradient of solution, Zoom = 100000000000

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

<< HEEE
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5. NUMERICAL RESULTS

Edge diffraction example: Comparison between exact and approximate solution at
distances 1-100 from the singularity

-3.742773

-64.083619 X
| -2.000000 | -14.375000 | -26.750000 | -39.125000 | -51.500000 | -63.875000 | -76.250000 | -88.625000 | -101.000000
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5. NUMERICAL RESULTS

Edge diffraction example: Comparison between exact and approximate solution at
distances 0.01-1 from the singularity

13.831790

X
| -1.010000 [ -1.133750 [ -1.257500 | -1.381250 | -1.505000 | -1.628750 | -1.752500 | -1.876250 | -2.000000
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5. NUMERICAL RESULTS

Edge diffraction example: Comparison between exact and approximate solution at
distances 0.0001-0.01 from the singularity

27.158549

X
| -1.000100 | -1.001338 [ -1.002575 | -1.003813 | -1.005050 | -1.006288 | -1.007525 | -1.008763 | -1.010000
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5. NUMERICAL RESULTS

Edge diffraction example: Comparison between exact and approximate solution at
distances 0.000001-0.0001 from the singularity

40.491908

X
| -1.000001 | -1.000013 [ -1.000026 | -1.000038 | -1.000051 | -1.000063 | -1.000075 | -1.000088 | -1.000100
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5. NUMERICAL RESULTS

Edge diffraction example: Relative error in percentage of the approximate solution at
distances 1-100 from the singularity

20.203780
18.7941276
1%‘8772
1£L6269
15.153765
1@)1261
12.7628757
1?&562&
1@ D3750
8.841246

7E8743

656239

5&3735

3@1232

2.528728 j
1%622
OE Rl
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5. NUMERICAL RESULTS
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Edge diffraction example: Relative error in percentage of the approximate solution at

0.492611
0.461841
0.431071
0.400301
0.369531
0.338761
0.307991
0.277221
0.24p451
0.215681
0.1911
0.1 141
0.123371
0.092601
0.061831
0.03 ln.‘k
0.000291

distances 0.01-1 from the singularity

| -1.010000

[ -1.133750 [ -1.257500 | -1.381250 | -1.505000 | -1.628750 | -1.752500 | -1.876250 |

X
-2.000000
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5. NUMERICAL RESULTS

Edge diffraction example: Relative error in percentage of the approximate solution at
distances 0.0001-0.01 from the singularity

2.236768

P X
| -1.000100 | -1.001338 [ -1.002575 | -1.003813 | -1.005050 | -1.006288 | -1.007525 | -1.008763 | -1.010000
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5. NUMERICAL RESULTS

Edge diffraction example: Relative error in percentage of the approximate solution at
distances 0.000001-0.0001 from the singularity

20.693524

1528 x

-1.000001 [ -1.000013 | -1.000026 | -1.000038 | -1.000051 [ -1.000063 | -1.000075 | -1.000088 | -1.000100
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5. NUMERICAL RESULTS

Edge diffraction example: Laplace equation

Dirichlet Boundary Conditions
u(boundary)=—In r, r=sqgrt (X*x+y*y)

40
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom =1

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

AR et e e e

fit
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom =10

2Dhp90: A Fully automatic hp-adaptive Finite Element code
N V4
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 100

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 1000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS
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Edge diffraction example: final hp-grid, Zoom = 10000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 100000

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

*Y
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 1000000

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

A
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 10000000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
s B )
A I '
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5. NUMERICAL RESULTS
Edge diffraction example: final hp-grid, Zoom = 100000000

2Dhp90: A Fully automatic hp-adaptive Finite Element code
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5. NUMERICAL RESULTS
Edge diffraction example: final hp-grid, Zoom = 1000000000

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

%&
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5. NUMERICAL RESULTS
Edge diffraction example: final hp-grid, Zoom = 10000000000

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

@&
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5. NUMERICAL RESULTS

Edge diffraction example: final hp-grid, Zoom = 100000000000

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

-&
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5. NUMERICAL RESULTS
Edge diffraction example: final hp-grid, Zoom = 1000000000000

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

"I !
y
u zx
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5. NUMERICAL RESULTS
Edge diffraction example: final hp-grid, Zoom = 10000000000000

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

54
Supervisor: Alexandre Bespalov Baker-Atlas




22-May 2003 David Pardo

5. NUMERICAL RESULTS

Edge diffraction example: Comparison between exact and approximate solution at
distances 1-100 from the singularity

-6.066926

-59.8P9359 X
| -1.719340 | -10.621170 [ -19.523000 | -28.424830 | -37.326660 | -46.228490 | -55.130320 | -64.032150 | -72.933980
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5. NUMERICAL RESULTS

Edge diffraction example: Comparison between exact and approximate solution at
distances 0.01-1 from the singularity

18.385059
16.854529
15.323999

6.140819
4.610289
3.079759
1.549229
0.018699
-1.511831
-3.042361

-4.572891

-6.103421 X
-1.007193 | -1.096212 [ -1.185230 | -1.274248 | -1.363267 | -1.452285 | -1.541303 | -1.630322 | -1.719340
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5. NUMERICAL RESULTS

Edge diffraction example: Comparison between exact and approximate solution at
distances 0.0001-0.01 from the singularity

38.328379

22.106964
20.84
19.611362

18.363561 X

| -1.000072 | -1.000962 [ -1.001852 [ -1.002742 | -1.003633 | -1.004523 | -1.005413 [ -1.006303 | -1.007193
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5. NUMERICAL RESULTS

Edge diffraction example: Comparison between exact and approximate solution at
distances 0.000001-0.0001 from the singularity

58.199630
56.956577
55.713524

X
-1.000001 [ -1.000010 | -1.000019 | -1.000027 [ -1.000036 | -1.000045 | -1.000054 | -1.000063 | -1.000072
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5. NUMERICAL RESULTS

Edge diffraction example: Relative error in percentage of the approximate solution at
distances 1-100 from the singularity

15.191021
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5. NUMERICAL RESULTS
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Edge diffraction example: Relative error in percentage of the approximate solution at

1.785999
1674414
1562829
1451244
1.339659
1228074
1116489
1.004904
0.893319
0.781734
0.670149
0.558564
0.446980
0.335395

distances 0.01-1 from the singularity

-1.007193 |

-1.363267 | -1.452285 | -1.541303 | -1.630322 |

-1.274248 |

-1.096212 | -1.185230 |

X
-1.719340
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5. NUMERICAL RESULTS
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Edge diffraction example: Relative error in percentage of the approximate solution at

distances 0.0001-0.01 from the singularity

0.248892
023346
027800
0@2254
0.1867

e
0155615
Oﬂ D

0.12 23E
0.108976
0&3 D
OE? 34|
OEZ 33
OEB 02,
0.03124%
OES69§
0@015:

-1.000072 | -1.000962 | -1.001852 | -1.002742 | -1.003633 | -1.004523 | -1.005413

-1.006303

X
-1.007193
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5. NUMERICAL RESULTS

Edge diffraction example: Relative error in percentage of the approximate solution at
distances 0.000001-0.0001 from the singularity

11.873328
11.131286
10.389244
9.647203
8.905161
8.163119
7.421078
6.670036
5.936095
5.194953
4452911

0.000661 X
-1.000001 [ -1.000010 | -1.000019 | -1.000027 [ -1.000036 | -1.000045 | -1.000054 | -1.000063 | -1.000072
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6. SUMMARY AND FUTURE WORK

SUMMARY:

e The finite element method is suitable for solving EM problems with
edge singularities.

e In order to obtain high accuracy approximations, automatic
hp-adaptivity is needed.

FUTURE WORK:

e Compare performance of the fully automatic hp-adaptive
code against other commercial codes for real life
Petroleum Engineering EM problems.

e Study the potencial of a fully automatic goal-oriented
hp-adaptive strategy for Petroleum Engineering EM
problems.
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