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Overview

1. Main Lines of Research and Applications
— 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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Tri-Axial Induction Tool

L =1.016 m (40 In.)

Operating frequency: 20 kHz
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3D Source Implementation

1. Solenoidal Coil (J)) for M, o
- becoming a 2D source in (p, ¢, z) 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
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3D Source and Recelver (Delta Functions)

Source times Receiver
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Coupling between source and receiver:
: 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

IN a Non-Orthogonal System of Coordinates

3. Parallel Implementation
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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
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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
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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
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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
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Verification of 3D Simulation (H,,= H,,)

A hp with 7 modes
<4 hp with 9 modes
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Verification of 3D Simulation (H,,)

Real part of Hzz at 20 kHz Dip angle: 60 degrees
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Description of the Tri-Axial Tool

0.1m
o Operating frequency: 20 kHz
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Verification of 2.5D Simulation (H,,)

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

vertical well in a homogeneous formation
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Verification of 3D Simulation (H,,)

6 = 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

Relative Error (in %)

—+real (without tool propt.)
|| =«=imaginary (without tool propt.)

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

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

E

i
& 1§ . .
s T Borehole: 0.1 m in radius

0.05 ohm-m
' 100 ohm-m in resistivity

Invasion in the third and fourth layers

Tm

Anisotropy in the second and
fourth layers

1 ohm-m

3m

#=0, 30 and 60 degrees
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Convergence History of H,, In Vertical Well

Real part of Hxx at 20 kHz
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Convergence History of H,, In Deviated Well
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Real part of Hxx at 20 kHz
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Deviated Wells (0, 30 & 60 degrees)

Depth (m)

Real part of Hzz at 20 kHz

Real part of Hxx at 20 kHz Real part of Hyy at 20 kHz
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Deviated Wells (0, 30 & 60 degrees)

Imaginary part of Hzz at 20 kHz
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H,, In Deviated Wells with Invasion (Re.)

Depth (m)
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Real part of Hzz at 20 kHz
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Shallow Iinvasion
with R=0.1 m

3m

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

Imaginary part of Hzz at 20 kHz

Imaginary part of Hzz at 20 kHz . .
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H,, INn Deviated Wells with Invasion (Re.)

Depth (m)

Real part of Hxx at 20 kHz

—4&—No invasion
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Shallow Iinvasion
with R=0.1 m
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H,, INn Deviated Wells with Invasion (Im.)

Depth (m)

Imaginary part of Hxx at 20 kHz

—4&—No invasion
——with invasion||

5
100 ohm-m
-4+ |
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-2
-1+ |
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3
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H,, INn Deviated Wells with Invasion (Re.)

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

Shallow invasion

—<4— No invasion —<4— No invasion - .
51 P with invasion J 51| P with invasion J Wlth R=0.1m
100 ohm-m 100 ohm-m
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-3r A -3F . _
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1 1
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3 3
4+ 20 ohm-m A 41 20 ohm-m 1
5 L L L 5 L L L
-0.09 -0.08 -0.07 -0.09 -0.08 -0.07
Re(Hyy) field (A/m) Re(Hyy) field (A/m)
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H,, INn Deviated Wells with Invasion (Im.)

Depth (m)

Imaginary part of Hyy at 20 kHz Imaginary part of Hyy at 20 kHz

Shallow invasion
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H,, In Deviated Wells with Anisotropy (Re.)

Real part of Hzz at 20 kHz

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

—<&—|sotropy —<&—|sotropy —<¢—|sotropy
5 > Tl anisotropy 51l > Tl anisotropy 51l > Tl anisotropy
100 ohm-m 100 ohm-m 100 ohm-m
-4 A -4 A -4 A
£ £ £
3 E 3 £ 3 £
o o o
Lo L0 L0
2 0.05 ohm-mo 2 0.05 ohm-mo 2 0.05 ohm-mo
E-1f 1 E -1 . E -1} i
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g o g0 8o
1 1 1
£ £ £
£ £ £
2% : 2 S : 2 S
S1 ohm-m S1 ohm-m S1 ohm-m
3 3 3
4r 20 ohm-m 8 4+ 20 ohm-m 8 4+ 20 ohm-m
S5 5 5 4 5 Effects of anisotropy increase ‘

S : : s 6 4 2 0
Re(Hzz) field (Am) .41  WIth Increasing dip angle Re(Hzz) field (A/m)

‘ vertical 30 degrees 60 degrees
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H,, In Deviated Wells with Anisotropy (Im.)

Depth (m)

1
o

o

Imaginary part of Hzz at 20 kHz

Imaginary part of Hzz at 20 kHz

29

Imaginary part of Hzz at 20 kHz

—<&—|sotropy —<&—|sotropy —<&¢—|sotropy
| —>—TI anisotropy || 5l —>—TI anisotropy || 5 —>—TI anisotropy ||
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‘ ‘ ‘ Effects of anisotropy increase ‘ | ‘
6 -14 -1.2 -1 -( . . . - > -14 -1.2 -1 -0.8
Im(Hzz) field (AM) 14 with increasing dip angle Im(Hzz) field (A/m) 1
30 degrees 60 degrees

‘ vertical
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H,, INn Deviated Wells with Anisotropy (Re.)

Depth (m)

5 > Tl anisotropy
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H,. In Deviated Wells with Anisotropy (Im.)

Depth (m)

Imaginary part of Hxx at 20 kHz
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Imaginary part of Hxx at 20 kHz
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with increasing dip angle

—<¢—|sotropy
5- —>—TI anisotropy | 5 —>—TI anisotropy | 5 —>—TI anisotropy |
100 ohm-m 100 ohm-m 100 ohm-m
-4 4 ] 4 i
£
3 3 . 3 £
o
h o
2 2 2 0.05 ohm-mo
1 E-1 - E-1 -
10000 ohm-m %_ 10000 ohm-m %_ 10000 ohm-m
o T 2o - go -
1 1 1
£ £ £
2 £ I £
1 ohm-m& 1 ohm-m&Q 1 ohm-m&Q
3 3 3
4+ 20 ohm-m - 4 20 ohm-m - 4 20 ohm-m -
5 ‘ ‘ Effects of anisotropy decrease ‘ ‘
-0.01 0 0.01 0.02 L 0 0.01 0.02

Im(Hxx) field (A/m)

vertical

30 degrees

60 degrees

Presentation at KIGAM (M. J. Nam, D. Pardo, C. Torres-Verdin)



H,, In Deviated Wells with Anisotropy (Re.)

Depth (m)
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Real part of Hyy at 20 kHz

—<¢—|sotropy
|| =»—TI anisotropy i
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£
N £
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o
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0.05 ohm-mo
10000 ohm-m
£
£
| E i
o
S1 ohm-m
- 20 ohm-m q

-0.1 -0.09
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Re(Hyy) field (A/m)
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Effects of anisotropy decrease

with increasing dip angle
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H,, INn Deviated Wells with Anisotropy (I1m.)

Imaglnary part of Hyy at 20 kHz Imagmary part of Hyy at 20 kHz Imagmary part of Hyy at 20 kHz
—<— Isotropy —<— Isotropy —<— Isotropy
5 —>—TI anisotropy || 5l —>—TI anisotropy || 5l —>—TI anisotropy ||
100 ohm-m 100 ohm-m 100 ohm-m
-4r -4 8 -4 A
£ = £
3£ 315 ] 3 £
o o o
Lo Lo Lo
_10.05 ohm-m 2120.05 ohm-m 2 .05 ohm-mg
E-1f E -1 . E -1} i
= 10000 ohm-m E= 10000 ohm-m E= 10000 ohm-m
2 o 2 ol L Bl ]
Q Q Q
1 1 1
£ &
S S
2r 2r =1 2r =1
1 ohm-m 1 ohm-m&Q 1 ohm-m&Q
3 3 3
4r 20 ohm-m 4 20 ohm-m - 4~ 20 ohm-m -
5 ‘ ‘ ‘ Effects of anisotropy decrease ‘ ‘ ‘
-0.01 0.01 0.02 -0.01 0 0.01 0.02

Im(Hyy) field (A/m) with increasing dip angle Im(Hyy) field (A/m)
‘ vertical 30 degrees 60 degrees
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H,, at 20 KHz and 2 MHz in Vertical Well

Depth (M)

Real part of Hxx at 20 kHz and 2 MHz

—4— 20 kHz
—— 2 MHz |

100 ohm-m

10000 ohm-m

0.1 -0.05 0
Re(Hxx) field (A/m)

Depth (m)

Imaginary part of Hxx at 20 kHz and 2 MHz
-6 ;

1
o

o

—4— 20 kHz
B —— 2 MHz |
100 ohm-m
0.05 ohm-m | =
I 0.05 ohm-m o)
10000 ohm-m I
. 1 ohm-m E
3m |
! 20 ohm-m

20 ohm-m -

Larger variations at 2 MHz

0.02 0.04 0.06 0.08
Im(Hxx) field (A/m)

0.02 than at 20 kHz
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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.

: TTTTT Presentation at KIGAM (M. J. Nam, D. Pardo, C. Torres-Verdin)
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Overview

1. Main Lines of Research and Applications
— 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 Dual Laterolog
*Previous Work
*Method

*Numerical Results:
— Groningen Effects on AC DLL

— Dipping, Invaded, Anisotropic Formations (DC)
— Eccentricity (DC)

*Conclusions
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Dual Laterolog (DLL)

LLd
A,
‘ ________
/
- — — —-—//
4-—-—"""';_""'--\
N
A,
o — — — — — —— =
/
«—— ———— M,
«—— — — — — __ __ M
Current flow p
— — — — — — ——— =0
e M
«— — — — — __ M;
Y
T T A;
/
«——__ _—-
4-'—'—"-_b""'--\
N
D A;

Deep-sensing mode

ik
~N

I

M, /
Current fiow’ (M) =V (M)

. : ||

o [E tSermination of Intensities (Wj)

____of Bucking Currents
s\\ \\\\ S’ ]

Focusing Conditions

T V(M,)=V(M,)

Shallow-sensing mode
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Summary from Last Year

Post-Processing Method

A=W,
(1) Focusing conditions Total potential on M,
|A2:1 H H H H V(M,) =V(M,) -> Superposition principle
V(M;)=V(M,) V(M,) =W,V , +WV,, 4V, + WV, 1 + W,V o

V(Ml) =W2V1,2 +W1V1,1 +V1,o +W1'V1,1' +W2'V1,2' A=W,

. : V(M,)=WV,, +WV, +V,, +W.V,...+W.V,...

(2) Relationships between W. (M) =Wy + WMy Vg + Wy + WV
V(M,) =W,Vo, + WV, 4V, + WV, AW,V o,

|] ‘Aﬁlﬂ |] |] W,= W, +c), W, = (W,+c) for LLd
W, =-(W, +c), W, =—(W,+c) for LLs

with ¢ = 0.5 [ —— ¥

8 —J 1 1
T C—] & &
—
>
o
1
[u=Y
T T 1
8 —J 1 1

W, for LLd: < from (1) and (2) with the LLd relationship of (3) > e

|] |] |] |A1-:1 |] |:V1,2 +V1,1 _Vz,z _V2,1 V1,1' +V1,2' _V2,1' _V2,2' :|{W1 } ={ Vz,o _Vl,O + C(Vz,z +V2,2' _V1,2 _Vl,z') :|
V2',2 +V2',1 _Vl',2 _Vl',l V2',1' +V2',2' _Vl‘,l' _Vl',Z' W1- V1',o _VZ',O + C(Vl‘,2 +V1',2' _VZ‘,Z _V2',2')

W, for LLs: < from (1) and (2) with the LLs relationship of (3) >

Ar=l |:V2,2 +V1,1 _V2,l _V1,2 Vz,z' +V1,1' _V1,2' _V2,1' :||:W1i| { Vz,o _Vl,O + C(Vz,z +V2,2' _V1,2 _Vl,z') :|
V1',2 +V2',1 _Vl',l _VZ',z V1',2' +V2',1' _VZ‘,2' _Vl',l' W1- V1',o _VZ‘,O + C(Vl‘,2 +V1',2' _VZ',z _V2',2')

1]

—| One problem with several RHSs

TEXAS : .
: Presentation at KIGAM (M. J. Nam, D. Pardo, C. Torres-Verdin)
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Embedded
Summary frOm Last Year Post-Processing Method

Coarse Grid hp-Refined Grid |-
Solution
AW, Solution
Post-Processing Method %{/ .
)
— M
] I A=W, Error Smaller
1[] — than 1%?
1111 -
SN No )
NERER ves

} A=W <:|ﬂﬂ Optlmal

Refinements

] | Optimal Grid,

Optimal Intensities

- & Solution

: : Solving one problem with several RHSs
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Summary from Last Year

What we modeled in simulating the DLL tool

+20cm

\

10’ ohm-m The resistivities and radial lengths
/ / of electrode and mandrel.
5
10_ ohm-m
—'X .
l?m ohm-m

cm

The vertical dimensions and locations of each electrode:
cm We followed the vertical tool configuration of a commercial tool

N

iZOcm

TEXAS
‘ Presentation at KIGAM (M. J. Nam, D. Pardo, C. Torres-Verdin)
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Summary from Last Year

Deviated Wells (O, 10, 45, and 60 degrees) at DC

Deviated Wells

e o 4 Effects of dip angle:
: LLd: 10 L Thin layer 1
21 4 LLd: 45° = |
» LLd: 60°
-==-LLs: 0°
o+ * LLs: 10° Resistivity of Formation |
= 4 LLs: 45°
Pt > LLs: 60°
22 |
=)
()]
=
g 4 e |
04 “}
»>
6 2
[ b |
. :t;.f
" “A?
8- "iﬂ |

10 10’ 10" 107 10
Apparent Resistivity ((2-m)

: ‘ Presentation at KIGAM (M. J. Nam, D. Pardo, C. Torres-Verdin)
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Summary from Last Year

Anisotropic Formation (60- and O-degree Deviated Wells) at DC

Anisotropic Formation (Vertical Well) Anisotropic Formation (60-degree Deviated Well)
—4 T )| —4 T T
===-LLd: Iso g’ --=-LLd: 60°, Iso
+ LLd: Ani b‘.’» + LLd: 60°, Ani
2l -=--LLs: Iso. . i 2L ~ ----LLs: 60°, Iso ||
* LLs: Ani ( .5, * LLs: 60°, Ani
{ 5
Resistivity of Formation .\i Resistivity of Formation
Or e — L 1 Or ———— | " 1
~ 3 Py me—— 0'0
E i"«’: s E B s
S i3 | 5 < 33 | 5
o 2 38 Hz o 2f Hf i3 P2
a i3 i 8 0 B3 g
Lo $¢ < P =
_“2-’ o i g g j[', i34 i E
= O L ) = »
% 4’ T Tm====== ': 7 % 4’ PLrey T —_— e ': N
14 : § 4 - > : §
2 SN
oL g | 6 $E g 1
& h 3 -
Losie H
——
8 o ] 8f {‘0 ]
- L \\\\\H\O L Co il L \\\\\WZ L \\\\\\\\3 L M| - L \\\\\H\O L M| L Lo 2 L \\\\\\\\3 L ol
10" 10 10" 10 10 10° 10" 10 10" 10 10 10*
Apparent Resistivity (©Q-m) Apparent Resistivity (Q-m)

Effects of anisotropy increase with increase of dip angle

TEXAS : a
: Presentation at KIGAM (M. J. Nam, D. Pardo, C. Torres-Verdin)
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Method for Simulating AC DLL Measurements

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

2. Embedded Post-Processing Method (EPPM)

3. Parallel Implementation
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Simulating AC DLL Measurements 1

Main challenges when simulating AC DLL measurements 1:
Introducing in the AC formulation a source equivalent to V-J

To avoid simulating the inner wiring system!!

TEXAS : a
: Presentation at KIGAM (M. J. Nam, D. Pardo, C. Torres-Verdin)
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Simulating AC DLL Measurements 1

Main challenges when simulating AC DLL measurements 1:

Governing equation Variational formulation
DC [V-(oV-u)=V.J™ <Vv,oVu >L2(Q):<V,V.J‘m'° > TV >0, VVE Hg (Q)

e {Vx H=(o+ jos)E+J <VxFuVXE>,, —<ﬁ,(a)25— ja)O')E > —<IE,((02,9 —cia)a)Vp >=

Vsz—ja)H i C 1imp : = i .
Jo{F T vds )z vFeH, (curl;Q)
—<Vq_,(a)2g— ja)O')E >y
Scalar potential eq.—> i _ mrr| O .
— Jo(V o) q,Js o VgeHg
introducing V-J /
jw<q’v"]imp Z2@

.'.—<Vd,(a)25— ja)o-)E > = jo<q,vV-J™ > YA€ Hg

TEXAS : a
: Presentation at KIGAM (M. J. Nam, D. Pardo, C. Torres-Verdin)
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Simulating AC DLL Measurements 1

Main challenges when simulating AC DLL measurements 1:

Governing equation Variational formulation

DC [V-(oV-u)=V.J™ <Vv,oVu >L2(Q):<V,V.J‘m'° > TV G > Yve H}(Q)

L*(T'y)

AC

VxH=(o+ joc)E+]
VxE = joH Final AC variational formulations we use:

<VxF, u'VxE> —<IE,(a)28—ja)0)E> —<ﬁ,(w28—ja)a)Vp>
=0 VFeH_(curl;Q)

VgeH;

L*(Q) L*(Q)

—<Vq,(a)28— ja)a)E > 0= jo<q,Vv-Jm >0

TEXAS : .
: Presentation at KIGAM (M. J. Nam, D. Pardo, C. Torres-Verdin)
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Simulating AC DLL Measurements 2

Main challenges when simulating AC DLL measurements 2:
Simulation of current return at earth surface

1. No current return results in no Groningen effects.

(Numerical results will be shown)

2. We have to simulate the earth surface.
- Our computing domain is larger than

2 km in the vertical direction.

TEXAS
: Presentation at KIGAM (M. J. Nam, D. Pardo, C. Torres-Verdin)
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Simulating AC DLL Measurements 2

Main challenges when simulating AC DLL measurements 2:
Reference potential electrode N

0.762m"N
i |33
im [ 1 0dm vim)=-["Ed © 7"
Current return 10.1m N
electrode 1m =V (M;)-V(N)
A,
A1
Reference potential
electrode MLy
A
| LY
DLL tool ! ‘
| A
A;

Presentation at KIGAM (M. J. Nam, D. Pardo, C. Torres-Verdin)
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Groningen Effects on LLd at DC and AC

Relative Depth z (m)

Groningen Effects on LLd

-30
10-7" ohm-m <
-15} Thickness: 1 cm
0« The earth surface is at z =-2 km
B:at p=1 m, 1 m below the surface
15+ —a'_‘:-:_—--"-_T.T.'.'.‘.'.T‘-‘.‘.T‘-‘.'..-'.'-ﬁ“
4
44
30+ 4
R
A
45 =
60+
-9--DC
80 ~<4--100 Hz
10" 10° 10" 10° 10° 10"

Apparent Resistivity (Q2-m)

2 km

DC: No Groningen effects

AC: Groningen effects
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Groningen Effects on LLd at 100 Hz (1)

Relative Depth (m)

-30 .
o
10-7" ohm-m < 'g:
Ol
-15¢ Thickness: 1 cm ==
O« The earth surface is at z=-2 km
B (if exists): at p=1 m, 1 m below the surface
15+
30+
45
60+
-+ With B
> Without B
80 —DC
107 10° 10" 10° 10° 10"

Apparent Resistivity z (Q-m)

2 km

No B:

No Groningen effects
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Groningen Effects on LLd at 100 Hz (I1)

Comparison of Groningen Effects on LLd at 100 Hz

Relative Depth z (m)

-30 T
=
107 ohm-m & | 3}
Ol
-15¢ Thickness: 1 cm | | = il
O« The earthsurfaceisat z =-2kmor z =-200m b‘} .
B:at p=1m, 1 m below the surf 1R
at p m m Delow the surrace ‘ b 2 km or 200 m
15/ |
30+ p
45
60+
—&—Surface: at z=-2 km
~PSurface: at z=-200 m ) ] ]
80 o TP T T T Further B in the z direction:
10 10 10 10 10 10
Apparent Resistivity (Q2-m) smaller Groningen effects

,,J///_V
TEXAS
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Groningen Effects on LLd at 100 Hz (I111)

Comparison of Groningen Effects on LLd at 100 Hz

Relative Depth z (m)

-30 T
=
107 ohm-m & | 3}
Ol
-15¢ Thickness: 1 cm \p 1
O« The earth surface isat z =-2 km : :
B: 1 m below the surface, at p=1mor p=200m :
15+ .
30+ .
45+ .
60 8
—4+Bat p=1m
=P B at p=200m
80 o T T ST TR Further B in thepdlrectlon:
10 10 10 10 10 10

Apparent Resistivity (Q-m) smaller Groningen effects

,,J///_V
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Groningen Effects on LLd at 100 Hz (1V)

Groningen Effects on LLd at 100 Hz with the Surface at z = -200m

Relative Depth (m)

30— : : : -
=g
107 ohm-m & | @i
Ol
-15¢ Thickness: 1 cm b\h; 7
. 4
0« The earth surface is at z=-200 m ¢ A
B:at p=1 m, 1 m below the surface Q
15+ 8
30+ 8
45+ a
60 a
—»—with casing
-¢--without casing
80 1 Yo mml - Hmz A T
10 10 10 10 10 10

Apparent Resistivity (Q2-m)

No casing with B 200 m apart:

smaller Groningen effects
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Groningen Effects on LLd at 100 Hz (V)

Groningen Effects on LLd at 100 Hz with the Surface at z = -2 km
-30 T T T T T T T T T T T T T T

Relative Depth (m)

!
107 ohm-m & | 3}
Oi
-15} Thickness: 1 cm o 1
¢
0« The earth surface is at z = -2 km 1 4 .
B:at p=1 m, 1 m below the surface ; > km
15+ " .
30+ 8 p
45} 8
60+ .
—»—with casing
80 ' -¢--without casing
A R T R S I No casing with B 2 km apart:
10" 10 10" 10° 10°  10° 9 P

Apparent Resistivity (Q-m) No Groningen effects

,,J///_V
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A Middle East Formation Model

A Middle East Formation A Middle East Formation

500/ e : g SO ‘
_______ el 107 ohm-m €< 3
4007-—-ACLLd| Thickness: 2.5 cm | | ol i
-+=-AC LLs
-300|
_20078: at p=1 m, 1 m below | 50 : —
the earth surface (z = -2 km) }I /
%-1007 . 100+ s =t .
2 {3
[a] 0 e
% EL - =" — 150* A —
K | CEd E
& 1001 ] H = i
200} u / §200* |
()
> %
300 LLd at 100 Hz T 250 . i
2000 LLs at 1000 Hz 1 &) ....... DC LLd
_ﬂ\ 3007 ....... DC LLS -
50{)0_1 10° 10" 107 10° 10 _*'ﬁg ::::d
A Resistivity (Q- -
pparent Resistivity (Q-m) 3501 S i
400 =
Frequency effects
450+ -
on AC DLL measurements . | | |
10" 10° 10" 10° 10° 10*

Apparent Resistivity (Q-m)
: The resistivities of Layers: 104, 0.625, 104, 0.4, 104, and 0.625 ohm-m (from top to bottom)
TEXAS
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Invaded Anisotropic Formation (DC DLL)

Vertical Well in Anisotropy Formation with Invasion

-4 T T T T T T T
-=-=-LLd: Iso, No Inv
¢ LLd: Ani, Inv
ol * |===-LLs:Iso, No Inv ||
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8 > i 8
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3 I
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2 ®wl 0 C
4' 1 :: 35
\ /7 sz
6r h | 82 _
y N =)
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\.\s *» 24
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8 " |
1
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1 0 1 2 3 4
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Relative Depth (m)

Deviated Well in Anisotropy Formation with Invasion
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Eccentered Tool Effects (DC DLL)

Relative Depth (m)

Eccentered To

ol

A

1
=

----LLd: Ocm
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s et
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Conclusions

We successfully simulated AC DLL measurements by explicitly
Incorporating the term V-J for non-zero frequency Maxwell’s
equations.

The simulation employed a high-order self-adaptive hp finite-

element method with an embedded post-processing
technique.

Numerical experiments indicate that the inclusion of a current
return electrode is critical to simulate Groningen effects.

Groningen effects decrease as the current return is placed
farther away from either the logging points or the borehole.
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