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Overview

1.Main Lines of Research and Applications (D. Pardo)
— Previous work

— Main features of our technology
2. Application 1: Tri-Axial Induction Instruments (M. J. Nam)
3. Application 2: Dual-Laterolog Instruments (M. J. Nam)
4. Multi-Physics Inversion (D. Pardo)

5. Sonic Instruments (L. Demkowicz)
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Previous Work

Type of Problems We Can Solve with our hp-FEM software

Applications Borehole Measurements Marine Controlled Source EM
Spatial Dimensions 2D 3D
Well Type Vertical Well Deviated Well Eccentered Tool
i LWD/MWD Normal/Laterolog Dual-Laterolog
Logging Dielectric
Instruments Induction Cross-Well
Instruments
Frequency O~ 10 GHz
Materials Isotropic Anisotropic
Physical Magngtlc_ Buffers I:)_Inslulators ) Casing
Devices asing ISRIasemENt | combination of All
Imperfections Currents
Finite Size Dipoles Solenoidal
Sources Antennas in Any Direction Antennas
Toroidal Antennas Electrodes Combination of All
Invasion Water Oil etc.

MOST (OIL-INDUSTRY) GEOPHYSICAL PROBLEMS

TEXAS a a - -
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Main Features of Our Technology

1. Self-Adaptive Goal-Oriented hp-Refinements
2. Fourier Finite-Element Method

3. Parallel Implementation

EEEEE a a - -
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Self-Adaptive Goal-Oriented hp-FEM

iy

b}i}{hHHHNN

We vary locally the element size
h and the polynomial order of
approximation p throughout
the grid.

Optimal grids are automatically
generated by the hp-algorithm.

The self-adaptive goal-oriented
hp-FEM provides exponential
convergence rates in terms of
the CPU time vs. the error in
a user prescribed quantity of
Interest.
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3D Deviated Well

Cartesian system of coordinates: (X, X,, X3)
New non-orthogonal system of coordinates: (¢, &, &)

| T :
) Subdomain 3 X X,
|
e 0
s
> =~ ?iaﬁefer,}a
\‘xf@?
G y S
Subdomain 1 Subdomain 2 Subdomain 3
X, = ¢, COS ¢, X =, C0SC, X, =, C0SC,
X, =¢;8INg, X, = ¢;8INg, X, =¢;8INg,

X3 =g X, =, +tand 5= P 5, C0SC, X, =, +(, tan#cos s,

o P2~ P
TEXAS . . . .
8th Annual Formation Evaluation Consortium Meeting, 2008




3D Deviated Well

Cartesian system of coordinates: (X, X,, X3)
New non-orthogonal system of coordinates: (¢, &, &)

I Subdomain 3 X
X3

Iy 0

~
~~Yap,
~Jler,
g‘l \\ea(,“
~ ?0
i

Constant material coefficients in the quasi-azimuthal direction ¢,
in the new non-orthogonal system of coordinates!!!!
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3D

Deviated Well

For each Fourier mode, we obtain a 2D problem.
Each 2D problem couples with up to five different 2D
problems corresponding to different Fourier modes,
therefore, constituting the resulting 3D problem.

Ar A Ao 0 o 0 o0 o |[x][B]
Ar A, Ay Ay o 0 0 0 0 |[X]| |k
%,1 A3,2 A3,3 %,4 A3,5 0 0 0 0 X3 b3
0 A4,2 A4,3 A4,4 A4,5 A4,6 0 0 0 Xy b,
When we use 9 Fourier 0 0 As As As As A 0 0 |[X%|=|b
Modes for the Solution: 0 0 0 As As As A As o || %] |b
0 0 0 0 A7,5 A7,6 A7,7 A7,8 A7,9 X b7
0 0 0 0 0 As A7 Ag Ao || % by
0 0 0 0 0 0 As As AglX] [b

. represents a full 2D problem for each Fourier basis function
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3D Deviated Well

For each Fourier mode, we obtain a 2D problem.
Each 2D problem couples with up to five different 2D
problems corresponding to different Fourier modes,
therefore, constituting the resulting 3D problem.

20 problem

3D problem 4

2D problem / 2D problem

2D problem

TTTTT a a - -
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3D Parallelization Implementation

Distributed Domain _ .
Decomposition Shared Domain Decomposition!!

i
|

Processor Processor Processor

rocessol
4

Processor Processor Processor |Processol
5 6 7 8
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Overview

1. Main Lines of Research and Applications (D. Pardo)
— Previous work

— Main features of our technology
2. Application 1: Tri-Axial Induction Instruments (M. J. Nam)
3. Application 2: Dual-Laterolog Instruments (M. J. Nam)
4. Multi-Physics Inversion (D. Pardo)

5. Sonic Instruments (L. Demkowicz)
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Outline

* Introduction to Tri-Axial Induction
*Method

*Numerical Results:

—Verification of 3D Method for Tri-Axial
Induction Tool

—Dipping, Invaded, Anisotropic Formations

*Conclusions

EEEEE o - . .
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Tri-Axial Induction Tool

L =1.016 m (40 In.)

Operating frequency: 20 kHz

Transmitters

Transmitter

MT
1 1.016 m (40in.) M(}ﬁ X
y

R
H R HX X v
£ 1.016 m (40 in.)
y Receivers
v X
HF v
v ‘ y

Receiver

% ¢ dip angle

o. tool orientation angle

Xy
TEXAS a - . .
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3D Source Implementation

1. Solenoidal Coil (J,) for M, >
- becoming a 2D sourcein (p, ¢, 2) y

2. Delta Function for 3D source M, or M,,

f(@)=0(d—¢,) @, the position of the center of the peak
(0°for M,; 90° for M,)

MX: Delta function

5 I
Delta function
4 - —— Nr.of modes = 7 I,'\‘ .
Nr. of modes = 15 I
> 3 —— Nr. of modes =23 'n' ‘\|
|| Tt Nr. of modes =31
c 2
g
£
1
0
| | | | |
-100 -50 0 50 100
¢in degrees

EEEEE a a - -
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3D Source and Receiver (Delta Functions)

Source times Receiver
0.8 | ‘

. /s N,
----- Mx with 5 modes /7 AN
0.6 === Hx with 5 modes !/ \ i
Mx times Hx
2 04 ]
n
[
)
‘g’ 0.2+ -
0F |
-0.2
-180 -90 -45 0 45 90 180
gin degrees
Source times Receiver
25 T T T T
----- Mx with 9 modes
2 —ememe- Hx with 9 modes N
Mx times Hx
é‘ 1.5
2 1L |
g
C
"~ 05F -
-~ TS i
Or ~ -
_05 | | | | | | |
-180 -90 -45 0 45 90 180

¢in degrees

Coupling between source and receiver:
E less Gibb’s phenomenon
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Method

Combination of:
1. A Self-Adaptive Goal-Oriented hp-FEM
for AC problems

2. A Fourier Series Expansion

INn a Non-Orthogonal System of Coordinates

3. Parallel Implementation

EEEEE a a - -
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Verification of 2.5D Simulation (H,,= H,,)

Real part of Hxx at 20 kHz Imaginary part of Hxx at 20 kHz
- T -1 T
: -0.5 - i |
§§ITX (moving)
S
| 07 B 002 Ohm'm ‘_‘il IRX (m0V|ng)
—_ Om l l T
. £ 05 i 10000 ohm-m | :
< 1.4 m !
) I
v
1 1r 1 1 ohm-m
Depth
1.5 | —em1d I 1.5 |—ema1d i v
< hp with 3 modes < hp with 3 modes
> hp with 5 modes > hp with 5 modes Converged solutions
% | & - -
8.1 -0.05 0 0.1 0 0.1 with 3 Fourier modes
Re(Hxx) field (A/m) Im(Hxx) field (A/m)
emlD: K. H. Lee 1984, pers. comm.
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Verification of 2.5D Simulation (H,,)

Real part of Hzz at 20 kHz Imaginary part of Hzz at 20 kHz
‘ -1 ‘

I:Tx (moving)

RX (moving)

0.02 ohm-m —

Depth (m)
o
(@) ]

. 1- 1 1ohm-m
Depth
. 1.5¢ 1 v
—emld —emld
, > hp with 1 mode > hp with 1 mode The same solutions
‘ 2 | > - -
0 0.1 0.2 8.1 -0.05 0 with 1 Fourier mode
Re(Hzz) field (A/m) Im(Hzz) field (A/m)

TEXAS a - . .
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Verification of 2.5D Simulation (H,,= H,,)

Real part of Hxy at 20 kHz Imaginary part of Hxy at 20 kHz
- T < T -1 T
<
<
<
4 i
-0.5 4 1 -0.5 . N
‘L ggl  TX (moving)
Sl
ol 444 | o | 0.02 ohm-m ‘_-S,I; RX (moving)
—_ 4 —_ Om l l T
£ 05 < £ 05 . 10000 0hm-m &
o : a 1.4 m |
a 4 a |
< v
1r | . 1- 1 1 ohm-m
<
<4
j Depth
1.5 | —em1d I 1.5/ |—ema1d I v
< hp with 3 modes < hp with 3 modes
> hp with 5 modes ) > hp with 5 modes Converged solutions
< P ¥ ‘ - -
15 -1 -0.5 0 5 0 5 10 with 5 Fourier modes
Re(Hxy) field (A/f) 53 Im(Hxy) field (A/g) 5

TEXAS a a - -
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Verification of 2.5D Simulation (H,,= H,,)

Real part of Hxz at 20 kHz Imaginary part of Hxz at 20 kHz
- ‘ ‘ -1 ‘ :
05 ] 0.5 x
‘EEI TX (moving)
Sl
O | O 0.02 ohm-m = EI | RX (m0V|ng)
(.
o o |
()] (]
@) &) |
v
1 1 1 1 ohm-m
1.5+ 1.5+
—emld —emld
> hp with 1 mode , > hp with 1 mode The same solutions
0015 001 -0.005 O 5 0 5 10 with 1 Fourier mode
Re(Hxz) field (A/m) Im(Hxz) field (A/lgpho-3
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Verification of 3D Simulation (H,,= H,,)

Re(Hxx) field (A/m)

Real part of Hxx at 20 kHz Dip angle: 60 degrees
07 _______ |
———————— —emld
-0.05 =#--hp with 3 modes|

A hp with 7 modes
< hp with 9 modes

0.1 1.2 1.4 1.6 1.8 2
Distance between TX and RX (m)
-3 Imaginary part of Hxx at 20 kHz
0X 10 | | 5
__________ P-----m '““““: T ]
(G -
-1F

=%--hp with 3 modes
A hp with 7 modes |
<4 hp with 9 modes

1 1.2 1.4 1.6 1.8 2
Distance between TX and RX (m)

Converged solutions
with 9 Fourier mode

8th Annual Formation Evaluation Consortium Meeting, 2008



23

Verification of 3D Simulation (H,,)

Real part of Hzz at 20 kHz Dip angle: 60 degrees
~ 0.2 ‘ ‘ ‘
g _________ N —emld
201 \\ -#--hp with 3 modes |
o I N ¢ hp with 5 modes |
,‘:T . <4 hp with 9 modes
T 0.05
E,’ _____
0: O | | | |
1 1.2 1.4 1.6 1.8 2
Distance between TX and RX (m)
X 10° Imaginary part of Hzz at 20 kHz

e ————
-
-
-
-

-
-
-
-
-

=%--hp with 3 modes

Im(Hzz) field (A/m)
co

10 e ¢ hp with 5 modes
® < hp with 9 modes
1 1.2 1.4 1.6 1.8 2 Converged solutions

Distance between TX and RX (m) ) .
with 5 Fourier mode
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Description of the Tri-Axial Tool

0.1m
A Operating frequency: 20 kHz
0.09 m .
% Transmitters
Wl T
Tm :
. Finite size antenna i/”‘ .

Ll |

Transmitter 3

- Y W U RS PR U N
G%
o
3
=
y

“1 1.016 m (40 in.)
1.016 m (40 in.)

Receiver 1 o Ij
W
105 ohm-m
1m

TEXAS . . . .
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Verification of 2.5D Simulation (H,,)

W-Wyo 00|

I

vy
®)
=
®
=
=)
®
&
N
=)

Relative errors of tri-axial induction solutions
with respect to the solution with 9 Fourier modes

vertical well in a homogeneous formation

S

k=

S

L]

o

= i
ks

x ——real (without tool propt.)

10" -4-imaginary (without tool propt.) | |

1 3 5 7 9
Number of Fourier Modes
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Verification of 3D Simulation (H,,)

0 = 60 degrees

Relative errors of tri-axial Induction solutions
with respect to the solution for the vertical well

, 60 degree deviated well in a homogeneous formation

10
S
=
S
L]
2
= N
& ——real (without tool propt.)
102 -&-imaginary (without tool propt.) | |

1 3 5 7 9
Number of Fourier Modes
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Model for Numerical Experiments

o
.
0.050hm-m o

1Tm

3m

20 ohm-m

Five layers: 100, 0.05, 10000, 1
and 20 ohm-m from top to bottom

Borehole: 0.1 m in radius
100 ohm-m in resistivity

Invasion in the third and fourth layers

Anisotropy in the second and
fourth layers

¢=0, 30 and 60 degrees

8th Annual Formation Evaluation Consortium Meeting, 2008
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Convergence History of H,, In Vertical Well

Depth (m)

Real part of Hxx at 20 kHz

_. ------- hp with 3 modes
5 | ===-hp with 5 modes
100 ohm-m 4 hp with 7 modes
A R > hp with 9 modes
e
I - N
=9 ‘.i""'"'u,.,,. 7
3 0.05 ohm-m 'i"~:-;.'._*
i-m':::::.".f.':_._
-2 ——
P g
& |
-1 2
o™
10000 ohm-m
O |
1
2 1 ohm-m -
3
4+ 20 ohm-m +
5 | | Hil |
-0.085 -0.08 -0.075 -0.07 -0.065

Re(Hxx) field (A/m)

Depth (m)

Imaginary part of Hxx at 20 kHz

------- hp with 3 modes
5l ===-hp with 5 modes ||
100 oh < hp with 7 modes
al > hp with 9 modes||
el
TEe— -'--—
-9 ---*-~- B
37 0.05 ohm-m ot
I
L S
-2 — l.*
————*———
_____ -
A e I
%
10000 ohm-m
o i
1
oL 1 ohm-m -
3
4+ 20 ohm-m +
So1 0.01 0.02

Im(Hxx) field (A/m)

E
0.05 ohm-m Lo_

~—

20 ohm-m

Converged solutions
with 5 Fourier modes
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Convergence History of H,, In Deviated Well

Depth (m)

Real part of Hxx at 20 kHz

d | ---hp with 5 modes
4 hp with 7 modes ||
> hp with 9 modes

— hp with 11 modes ||

/
L

]
1]

0.05’,d'hm-m |
\

\

2

\
)
\
\
\

\
10000 ohrri-m
| I

1 ohmim -
1

1
20 ohmqim -

1 .0.05 0
Re(Hxx) field (A/m)

Depth (m)

Imaginary part of Hxx at 20 kHz

-==-hp with 5 modes
4 hp with 7 modes ||

¢ = 60 degrees

| 100 ohm-m > hp with 9 modes
4 —hp with 11 modes ||
-3 P i -3.5m
_______ 0.05 ohm-m
-2 p— -2m
-1 N
10000 ohm-m
o ]
1m
1
ob 1 ohm-m - 3m
20 ohm-m
3
4+ 20 ohm-m -
| | | Converged solutions
-(?.01 -0.005 0.005 0.01 0.015 with 9 Fourier modes
Im(Hxx) field (A/m)
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Deviated Wells (0O, 30 & 60 degrees)

Real part of Hzz at 20 kHz Real part of Hxx at 20 kHz

Real part of Hyy at 20 kHz

-==-vertical -==-vertical -==-vertical
5| —430 degrees i _g5l| —430 degrees i _5|| —4= 30 degrees |
—>— 60 degrees —>—60 degrees —>— 60 degrees 100 ohm-m
-4+ 100 ohm-m -4~ 100 ohm-m . -4 .
-3 -3+ 0.05 ohm o ] -3 0.05 ohm- .
2 2 === 2 £
€a = Ea T E4al -
% 10000 ohm-m ‘é 10000 ohm-m %_
g 0 g o &0 :
1 1 1
2r 1 ohm-m 2 1 ohm-m ] 2r
3 3 3
4r 20 ohm-m 4+ 20 ohm-m ] 4r
R R T —— | 5—1 o5 | Pip angle has I_arger effects
Re(Hzz) field (AW/m) 14 Re(HxX) f on tri-axial tools
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Deviated Wells (0O, 30 & 60 degrees)

Depth (m)

1
-

o

Imaginary part of Hzz at 20 kHz

-==-vertical
—<4— 30 degrees ||
—— 60 degrees

100 ohm-m ~

10000 ohm-m

1 ohm-m -

20 ohm-m -

.6 -1.4

-1.2 -1 -0.8

Im(Hzz) field (A/m) 15

Depth (m)

Imaginary part of Hxx at 20 kHz

Imaginary part of Hyy at 20 kHz

--=-vertical -==-vertical
5- —<4— 30 degrees || 5l —<4— 30 degrees ||
—>— 60 degrees —>— 60 degrees
-4 100 ohm-m ~ -4 100 ohm-m ~
-3 -3 0.05 ohm-m .
_____________ ol 9
2 = 2 —
I Ea & .
10000 ohm-m %_ 10000 ohm-m
o q 2 or A
1 1
2r 1 ohm-m ~ 2r 1 ohm-m ~
3 3
4r 20 ohm-m - 4r 20 ohm-m -
So1 3 Dip angle has larger effects |; 5,02

on tri-axial tools

A/m)
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H,, in Deviated Wells with Invasion (Re.)

Real part of Hzz at 20 kHz

—<4— No invasion
51l = With invasion

100 ohm-m

4

0.05 ohm-m

1
[N

10000 ohm-m
- (500 ohm-m)

Depth (m)

o

2 1 ohm-m
(10 ohm-m)

3 8 6 4 =2
Re(Hzz) field (A/m)

- vertical
TEXAS

Depth (m)

30 8 6 4 2

Real part of Hzz at 20 kHz

—4— No invasion
=>— With invasion

100 ohm-m

10000 ohm-m
- (500 ohm-m)

- 1 ohm-m
(10 ohm-m)

Re(Hzz) field (A/m) 14

60 degrees

Shallow Iinvasion
with R=0.1 m

0.05 ohm-m

E
o

20 ohm-m
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H,, in Deviated Wells with Invasion (Im.)

Depth (m)

Imaginary part of Hzz at 20 kHz

—4— No invasion
B =—>—With invasion ||

100 ohm-m

10000 ohm-m
B (500 ohm-m) ~

- 1 ohm-m -

(20 ohm-m)

- 20 ohm-m -

.6 -1.4

-1.2 -1 -0.8

Im(Hzz) field (Afm) 15

- vertical
TEXAS

Depth (m)

Imaginary part of Hzz at 20 kHz

—4— No invasion
=—>—With invasion||

100 ohm-m

10000 ohm-m
(500 ohm-m) ~

1 ohm-m -
(20 ohm-m)

20 ohm-m -

Shallow Iinvasion
with R=0.1 m

0.05 ohm-m

20 ohm-m

1.4 1.2 -1
Im(Hzz) field (A/m)

Almost no effects of invasion
| regardless of the dip angle

60 degrees
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H,, IN Deviated Wells with Invasion (Re.)

Real part of Hxx at 20 kHz Real part of Hxx at 20 kHz . .
— ‘ 65— ‘ ‘ Shallow invasion
—<&—No invasion —<&—No invasion - .
5l P with invasion 5| P with invasion , with R = 0.1 m
100 ohm-m 100 ohm-m
A4+ A- i
3 -3r ] =
0.05 ohm-m 0.05 ohm-m 3.5m
0.05 ochm-m
-2 -2
-2m
E-1- E -1 -
%_ 10000 ohm-m %_ 10000 ohm-m
g 0Or (500 ohm-m) g 0Or (500 ohm-m) A
1m
1 1 E
o™
2 1 ohm-m 2r 1 ohm-m A 3m
(10 ohm-m) (10 ohm-m) 20 ohm-m
3 3
4+ 20 ohm-m 4r 20 ohm-m 1
5 L L L L 5 L L L L
-0.1 -0.09 -0.08 -0.07 -0.1 -0.09 -0.08 -0.07
Re(Hxx) field (A/m) Re(Hxx) field (A/m)

S vertical 60 degrees
TEXAS q q - -
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H,, In Deviated Wells with Invasion (Im.)

Imaginary part of Hxx at 20 kHz

—4—No invasion
=>—with invasion||

100 ohm-m

B
%_ 10000 ohm-m
g Or (500 ohm-m) ~
1
2r 1 ohm-m -
(20 ohm-m)
3
4r 20 ohm-m -
-(?.01 0.01 0.02

Im(Hxx) field (A/m)

vertical

Depth (m)

Imaginary part of Hxx at 20 kHz

—4—No invasion
=>—with invasion||

100 ohm-m

0.05 ohm-m |

10000 ohm-m
(500 ohm-m) ~

1 ohm-m -
(20 ohm-m)

20 ohm-m -

001 0 0.01 0.02
Im(Hxx) field (A/m)

60 degrees

Shallow Iinvasion
with R=0.1 m

0.05 ohm-m

E
o

20 ohm-m

Small effects of invasion
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H,y, IN Deviated Wells with Invasion (Re.)

Real part of Hyy at 20 kHz Real part of Hyy at 20 kHz

Shallow invasion

—<&—No invasion —<&—No invasion - .
-5/ ~P—with invasion , 5| ~P—with invasion , with R = 0.1 m
100 ohm-m 100 ohm-m
-4 i A i
-3r ] -3 : _
0.05 ohm-m 0.05 ohm-m 3.5m
0.05 ohm-m
-2 -2
-2m
E- 1 Ear .
%_ 10000 ohm-m %_ 10000 ohm-m
8 0Or (500 ohm-m) 1 8 0 (500 ohm-m) A
1m
1 1 E
o™
2 1 ohm-m ] 2+ 1 ohm-m ] 3m
(10 ohm-m) (10 ohm-m) 20 ohm-m
3 3
4r 20 ohm-m 1 4- 20 ohm-m 1
5 1 1 1 5 1 1 1
-0.09 -0.08 -0.07 -0.09 -0.08 -0.07
Re(Hyy) field (A/m) Re(Hyy) field (A/m)

S vertical 60 degrees
TEXAS q q - -
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H,., In Deviated Wells with Invasion (Im.)

Yy

Imaginary part of Hyy at 20 kHz

Imaginary part of Hyy at 20 kHz

Shallow Iinvasion
with R=0.1 m

0.05 ohm-m

E
o

20 ohm-m

—4—No invasion —4— No invasion
5l —>—with invasion | 5 —>—with invasion |
100 ohm-m 100 ohm-m
A 4 -4 _
3 0.05 ohm-m | 3 0.05 ohm-m |
-2 -2
g1 | Ea |
%_ 10000 ohm-m %_ 10000 ohm-m
g Or (500 ohm-m) ~ g 0Or (500 ohm-m) ~
1 1
2r 1 ohm-m - 2r 1 ohm-m -
(20 ohm-m) (20 ohm-m)
3 3
4r 20 ohm-m - 4r 20 ohm-m -
5 | | | 5 | | |
-0.01 0.01 0.02 -0.01 0 0.01 0.02
Im(Hyy) field (A/m) Im(Hyy) field (A/m)
60 degrees

- vertical
TEXAS

Small effects of invasion
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HZZ

Real part of Hzz at 20 kHz

-5H

—4 Isotro py
—>—TI anisotropy

100 ohm-m

Depth (m)
<

10000 ohm-m

Real part of Hzz at 20 kHz

-5H

—4 Isotro py
—>—TI anisotropy

100 ohm-m

Depth (m)

10000 ohm-m

91 ohm-m

4t

20 ohm-m

38

INn Deviated Wells with Anisotropy (Re.)

Real part of Hzz at 20 kHz

-5H

—4 Isotro py
—>—TI anisotropy

100 ohm-m

Depth (m)

10000 ohm-m

4t

6 4 2
Re(Hzz) field (A/m)

‘— vertical

x 10’

Effects of anisotropy increase
with increasing dip angle

30 degrees

6 4 2
Re(Hzz) field (A/m) 10

60 degrees
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H,, In Deviated Wells with Anisotropy (Im.)

Imaginary part of Hzz at 20 kHz Imaginary part of Hzz at 20 kHz Imaginary part of Hzz at 20 kHz
—<—Isotropy —<—Isotropy —<—Isotropy
5 —>—TI anisotropy || 5l —>—TI anisotropy || 5 —>—TI anisotropy ||
100 ohm-m 100 ohm-m 100 ohm-m
4+ 4 4 4 |
=
3£ ] 1 3 1
o
Lo
_10.05 ohm-m D
E1f 1 E 1 Ea :
g_ 10000 ohm-m g_ 10000 ohm-m g_ 10000 ohm-m
g o 80 &0
1 1 1
£ £ £
S S S
2 < 2r < 2r <
1 ohm-mS 1 ohm-mS 1 ohm-mS
3 3 3
4 20 ohm-m - 4r 20 ohm-m - 4r 20 ohm-m -
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H,, INn Deviated Wells with Anisotropy (Re.)
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H,, INn Deviated Wells with Anisotropy (Im.)
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H,, in Deviated Wells with Anisotropy (Re.)
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H,, In Deviated Wells with Anisotropy (Im.)
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H,, at 20 KHz and 2 MHz in Vertical Well
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Conclusions

We successfully  simulated 3D tri-axial Induction
measurements by combining the use of a Fourier series
expansion in a non-orthogonal system of coordinates with a
2D high-order, self-adaptive hp finite-element method.

Dip angle effects on tri-axial tools are larger than on more
traditional induction logging instruments.

Anisotropy effects on H,, and H,, decrease with Increasing
dip angle, while those on H,, increase.

H,, at 20 kHz exhibits smaller variations than at 2 MHz.
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