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* Methodology (Main Features of Our Technology).

* Introduction to Tri-Axial Induction.

* Previous Numerical Results:
* Measurements in Deviated Wells.

* New Numerical Results for Borehole Eccentered Tools:
* Verification of the 3D Method.
* Measurements for Different Resistivity Tools.

* Conclusions.
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Type of Problems Our Technology Can Solve

Main Application

Borehole Measurements

Spatial Dimensions 2D | 3D
Well Type Vertical Well Deviated Well Eccentered Tool
. LWD/MWD Normal/Laterolog Dual-Laterolog
Logging Dielectric
Instruments Induction Cross-Well
Instruments
Frequency 0~ 10 GHz
Materials Isotropic Anisotropic
Physical Magneti? Buffers .Insulators Casing
Devices Casmg. Displacement 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.

Other Applications

Marine Controlled Source EM and etc.

MOST (OIL-INDUSTRY) GEOPHYSICAL PROBLEMS

9th Annual Formation Evaluation Consortium Meeting ¢  The University of Texas at Austin

Methodology (Main Features of Our Technology)

Combination of:
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Parallel Implementation.

A Self-Adaptive Goal-Oriented hp-FEM for
AC problems.

A Fourier Series Expansion in a New System
of Coordinates.




Self-Adaptive Goal-Oriented hp-FEM

We vary locally the

element size h and the &
polynomial order of
approximation p It
throughout the grid.

Optimal grids are
automatically
generated by the hp- : :
adaptive algorithm. 4P

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: (&}, &5, &3)

Subdomain 3
|
X5
- 0
g o
zc_—_Tv:“ “~Ime,
‘(‘? C‘ \\?'r::{-?:jo
AN d T
Subdomain 1 Subdomain 2 Subdomain 3
X =g, €08, X =g, C08¢, X =¢, €084,
x2=§15in§2 Xzzglsingz X2:§1Sin§2
Xy =y x3:§3+tam9§1_p1 ,C0S¢, X; =g, + & tandcosy,
P2~ P
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3D Deviated Well

Cartesian system of coordinates: (x;, x,, x3)
New non-orthogonal system of coordinates: (&}, &5, &3)

A Subdomain 3
'M{ T——-)g
0 &Y X,
\ - o
e G " \‘3’5,,181
o B S e,
AR SN

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

Cartesian system of coordinates: (x;, x,, x3)
New system of coordinates: ({;, &, ¢3)

Subdomain 3

Subdomain 2

Subdomain 3

Subdomain 1

Subdomain 2

Subdomain 3

X, = p, +£, €084, &:@p[ﬁ{lcosgz X =¢; 008,
Xzzé’lsiné’z P _p2 X2=§1$in§2
. — X, =¢8ing, X; =G,

2= 63 X3 = ¢
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3D Problem of Tool Eccentricity

Cartesian system of coordinates: (x;, x,, x3)
New system of coordinates: ({3, &, ¢&3)

Subdomain 3

Subdomain 1

Subdomain 2
Subdomain 3

Constant material coefficients in the quasi-azimuthal direction ¢,
in the new system of coordinates!!!!
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Tri-Axial Induction Tool

Transmitters

Mur < .
Z//"’ Transmitter

MP
‘1 1.016 m (40in.) x,
Hh - H'H X
1.016 m (40in.)
y Receivers .
Y .X
H,” d
z

Receiver

@. dip angle

«. tool orientation angle
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3D Sources and Receivers

1. Solenoidal Coil (J p ) for M,.

M
y.J/C:D It becomes a 2D source in (p, ¢, z)

‘YZ

2. Properly Oriented Dipoles for 3D source M, or M, .

it M(p)=6(x-p,) H(p-p,) H(z-z,), where @, is the
v azimuthal direction of the source ( 0 °for M, ;
Z 90° for M, ).

3. Similar Implementation for Receivers H, , H,, and H,.

H' x
Y.
z
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3D Sources and Receivers

Source times Receiver
038 T T PalinN T
----- Mx with 5 modes /s N\
0.6H === Hx with 5 modes / \ 4
Mx times Hx
2 L i
£ 04
c
Q
€ 02r B
or i
0.2
¢indegrees
Source times Receiver
25 T T T T
----- Mx with 9 modes
2| e Hx with 9 modes B
Mx times Hx
> 15 B
2
S 1r i
c
= 05f B
or i
-05 L L L L L L L
-180 -90 -45 0 45 90 180
¢in degrees
The coupling between sources and receivers decreases the Gibb’s phenomenon
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Previous Work: Description of Tool

0.1m
~ a Operating frequency: 20 kHz
0.09m Transmitters
1m o M,
| Finite size antenna M ;p—f A
I d
Transmitter T (| i X Y
: M.
i ‘1 1.016 m (40in.)

1.016 m (40in.)

Receiver x of (1

10° ohm-m

Hf Jep* '~
/ Receivers
A 4

H' x
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Depth (m)

Previous Work: Deviated Wells (0, 30 & 60°)

Imaginary part of H,

Imaginary part of H,

| i f
maginary part of Hyy

: -6 : T -6 T :
----vertical ----Vertical ----vertical
—<430 degrees 5 —+30degrees|| .5l —<4—30 degrees||
——60 degrees ——60 degrees ——60 degrees
100 ohm-m A A e 100 ohm-m - B - S 100 ohm-m -
1 3 -3
-2 -2
a £ £
-1- 11 12 -1r B
10000 ohm-m ‘% 10000 ohm-m ‘% 10000 ohm-m
or 10 0 40 0r E
1 1 1
2+ 1 ohm-m A 2 1 ohm-m - 2t 1 ohm-m -
3 3 3
4r 20 ohm-m A 4 20 ohm-m 4r 20 ohm-m +
-1.6 -1.4 -1.2 -1 -0. -0.01 0 0.01 0.02 -0.01 0 0.01 0.02
ImH ) (Am)  y 10° Im(H,_) (A/m) Im(H_) (A/m)
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Previous Work: H,, in Deviated Wells with Anisotropy

Imaginary part of H, (vertical well) Imaginary part of H, (30°-deviated wel Imaginary part of H, (60°-deviated well)
-6 — -6 T -6 T
—<—|sotropy —<—|sotropy —- Isotropy
5 —>—TI anisotropy -5 —>—TI| anisotropy 5l ——TI anlsotropy
100 ohm-m 100 ohm-m 100 ohm-m
-4 1 -4r 4 -4 B
& & :
-ng > 1 -3*% ) 4 -3 g i
o [] o
2 £20.05 ohm-m 2 £0.05 ohm-m 2 £0.05 oh
ELl 1E | 18l ]
= = =
‘% 10000 ohm-m ‘% 10000 ohm-m ‘% 10000 ohm-m
o 0of 410 Of 10 Of 1
1 1 1
£ £ £
2t £ 2 B2l £
o o [=]
1 ohm-mg 1 ohm-mg 1 ohm-mg
3 3 3—1
4 20 ohm-m - P r 20 ohm-m -
-1.6 -1.4 -1.2 -1 -0 E e(.:ts 0 anlst?trop.y Increase 6 -1.4 -1.2 -1 -0.8
Im(H_) (A/m) x109  with increasing dip angle Im(H_,) (A/m) X 10°
vertical 30 degrees 60 degrees
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Previous Work: H,, in Deviated Wells with Anisotropy

Imaginary part of H, (vertical well) Imaginary part of H, (30°-deviated wel Imaginary part of H, (60°-deviated well)
-6 . -6 -6
—<¢Isotropy Isotropy — Isotropy
-5l —>—TI anisotropy -5l ——TI amsotropy 5L ——TI anlsotropy
100 ohm-m 100 ohm-m 100 ohm-m
-af 4 -4 1 -4+ 1
& & =
3 E % | 3£ {1 3 £
o [] o
2| 20.05 ohm-m 2| 20.05 ohm m 2 0.05 ohm-m2
El 1E | 12l ]
= = =
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8 of 18 o 18 of E |
1] 1] 1
; g g g
2 1 E £ o i £
o o [=]
E 1 ohm-mQ i 1 ohm-mQ 1 ohm-mSQ
4r i 20 ohm-m ~ T i 20 ohm-m -
: ‘ Effects of anisotr decrea ‘ ‘ :
-0.01 0 0.01 0.02 e N S 0 O °py ecrease 0 0.01 0.02
Im(H_) (A/m) with increasing dip angle Im(H, ) (A/m)
vertical 30 degrees 60 degrees
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Previous Work: H,, in Deviated Wells with Anisotropy

Imaginary part of Hyy (vertical well) Imaginary part of Hyy (30°-deviated wel Imaginary part of Hyy (60°-deviated well)
-6 T 3 -6 T -6 T
—<—|sotropy —<—|sotropy —<Isotropy
5 —>—TI anisotropy -5 —>—TI| anisotropy 5l ——TI anisotropy
100 ohm-m 100 ohm-m 100 ohm-m
-4 1 -4r -4 B
& & =
-375 % -Sig -37 @ g
o [] o
2 20.05 ohm-m 2 20.05 ohm-m 2 05 ohm-me
ELl 1E | 18l ]
= = =
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3 3 3
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-0.01 0 0.01 0.02 Effects o amsotropy decrease -0.01 0 0.01 0.02
| Al eale s . . | Al
m(H, ) (A/m) with increasing dip angle m(H, ) (A/m)
vertical 30 degrees 60 degrees
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Previous Work: H,, at 20 KHz and 2 MHz in Vertical Well

Larger variations at 2 MHz

Real part of H, Imaginary part of H,
-6 -6——— ‘ ‘ than at 20 kHz
—20 kHz —20 kHz
5l —-—2MHzl| 5 —— 2 MHz ]
100 ohm-m 100 ohm-m 8 100 ochm-m
-4t 1 -4 - o
-3.5m 3
S 3
3t F | 3l f i i £
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-2 -2 -2m ‘ -
B E 1
=1t 1zt f .
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a 0r p 40 Of q
3
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3 3 Im 8,
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Description of the Tri-Axial Tool

0.07 m Y

—:0.06 m Transmitters

M

x

8
cm s oa M
1cm )

0.4cm

Receiver
Long offset

Bucking receiver

4m Bucking receivers
2 1l Transmitter
HEN Bucking receiver | Short offset n'_p
Receiver
Resistive Mandrel (RM): Receivers
2m

10° ohm-m, p=p,
Conductive Mandrel (CM):
10 ohm-m, p=100y, Vertical locations and operating
frequencies followed those of a
commercial tool
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Verification of the 3D hp-FE Method

Apparent conductivity from HX)< Apparent conductivity from HZZ
fW‘ang
s hp FEM
Good agreement
E E between the two
= = different numerical
S S hod
° ° methods
2 =
k& [ \
[ [
@ @
0,
-1+
-E%lS 0 O.é5 0.5 O.‘75 l -E%lS 0 O.é5 0.5 O.‘75 l
Apparent conductivity (S/m) Apparent conductivity (S/m)
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Model for Numerical Experiments

Deepwater Gulf of Mexico

Six layers:

100, 1, 300, 1, 0.1, and
1 ohm-m from top to bottom.

Borehole:

N
b
ey
= 100 ohm-m
=]
0Om g_
£
? 1 ohm-m 1
1 ohm-m E
5.5m
o 0.1 ohm-m E
&
7.5m el
=
1 ohm-m

0.1 min radius.
1/1000 ohm-m in resistivity
(conductive/resistive BH).

Eccentered distances:

1.8,3.0and 4.2 cm.
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Short Offset: Conductive Borehole (H

XX)

Imaginary part of Hxx (Short CMCB)
-2 T T

Imaginary part of Hxx (Short RMCB)
-2 T T

....... 00 cm [R—— 00 cm
100 ohm-m 1.8cm 1.8cm 1008ohm-m
—430cm —430cm ]
0 ——4.2cm 0H——4.2cm
1 ohm-m 1 ohm-m Large effects of eccentricity
) ) in the most conductive layer
E 300 ohm-m | E | 300 ohm-m ﬂ
£ g . .
g4 184 Maximum relative
1 ohm-m differences
R . 1 el 1| Conductive mandrel: 6.5%
01 ohm-m i 0L ohm-m Resistive mandrel: 16.0%
8l {1 8 ,
1 ohm-m 1 ohm-m
-1200 -1060 860 -6C  -1500 -1060 -560 6 500

Im(Hxx) field -(A/m)

Im(Hxx) field (A/m)

’ Conductive Mandrel ‘

’ Resistive Mandrel
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Depth (m)

Long Offset: Conductive Borehole (H,,)

Imaginary part of Hxx (Long CMCB)
-2 T T T T T

Imaginary part of Hxx (Long RMCB)
-2

Im(Hxx) field (A/m)

0.0cm 0.0 CM
100 ohrgm 1.8cm 100 ohm- 1.8cm
r} —+3.0cm —4+3.0cm
0 ——4.2cm 0 ——4.2cm
1 ohm-m 1 ohm-m '7
2 1 2 1
300 ohm-m | € 300 ohm-m
4
af 18 4 E
(=}
1 ohm—m‘} 1 ohm—m'}
6f 4 6 1
0.1 ohm-m 0.1 ohm-m
8 {8 ]
1 ohm-m 1 ohm-m
-40 -20 0 20 40 60 8 -100 0 100 200

Im(Hxx) field (A/m)

’ Conductive Mandrel ‘

’ Resistive Mandrel

Eccentricity effects are
negligible for both
conductive and resistive
mandrels
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Depth (m)

Long Offset vs. Short Offset (H

XX)

Imaginary part of Hxx (Long CMCB)
-2 T T T T

Imaginary part of Hxx (Short CMCB)
-2 T T

Conductive Borehole

Conductive Mandrel

Short offset:
Larger effects of eccentricity

==0.0cmy e 0.0cm
100 ohrgm 1.8cm 100 ohm-m 1.8cm
r} —+3.0cm —43.0cm
0 ——4.2cm 0 ——4.2cm
1 ohm-m 1 ohm-m
2t 12 ,
300 ohm-m | E 300 ohm-m
S
44 18 4t J
a
1 ohm—m‘} 1 ohm-m
6t 4 et f
0.1 ohm-m 0.1 ohm-m
8t 1 8t
1 ohm-m
-40 -20 0 20 40 60 8

Im(Hxx) field (A/m)

Long Offset

-1200 -1000
Im(Hxx) field (A/m)

Short Offset

-800 -600
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Short Offset: Conductive Mandrel (H,,)

) Imaginary part of Hxx (Short CMCB) Imaginary part of Hxx (Short CMRB)
- : : 2 - T
------- 0.0cm ~-0.0 cm
100 ohm-m 1.8cm 100 ohm-m 18cm
—4+3.0cm ] —+3.0cm
0 ——4.2cm 0 ——4.2cm
1 ohm-m 1 ohm-m
, No notable difference
b 12t 1 .
between measurements in
B 300 ohm-m | € - s . e
£ e 300 ohm-m conductive and resistive
o 4} 18 4l ]
8 g boreholes
1 ohm-m
0.1 ohm-m 0.1 ohm-m
8, i
1 ohm-m 1 ohm-m
-1200 -ldOO -860 -6 -1200 -ldOO -860 -600
Im(Hxx) field (A/m) Im(Hxx) field (A/m)
Conductive Borehole ‘ ’ Resistive Borehole
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Short Offset: Resistive Mandrel (H,,)

Imaginary part of Hxx (Short RMCB)
-2 T T

Imaginary part of Hxx (Short RMRB)
-2 T T

------- 0.0cm ~-0.0 cm
1.8cm 100§ohm-m 1.8cm 100fohm-m
—4+3.0cm J —3.0cm i
Of——4.2cm OR——4.2cm
1 ohm-m 1 ohm-m
, , No notable difference
between measurements in
€ 300 ohm- c - o . e
£ enmm € | S00ohmm conductive and resistive
g4 189 ] boreholes
1 ohm-m 1 ohm-m
6f ¢ B i
i E 0.1 ohm-m 0.1 ohm-m
8l 4 4
1 ohm-m 1 ohm-m
-1500 -ldOO -560 6 5( -1560 -ldOO -560 0 500
Im(Hxx) field (A/m) Im(Hxx) field (A/m)
Conductive Borehole ‘ ’ Resistive Borehole
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Long Offset vs. Short Offset (H,,)

Imaginary part of Hzz (Long CMCB)
-2 ¢ T

Imaginary part of Hzz (Short CMCB)
-2 T T T

0.0 €M

Conductive Borehole

Conductive Mandrel

Short offset: Slight eccentricity

effects on H,,

Im(Hzz) field (A/m)

Long offset

....... Oo cm
100 offm-m 1.8cm 100 ohrffm 1.8cm
—4+3.0cm —+3.0cm
0 ——4.2cm 0 ——4.2cm
1 ohm- 1 ohm-m
2t 12 1
g 300 ohm-m | € 300 ohm-m
E =
[SR1S {18 4l
a 8
1 ohm—m\ 1 ohm-m
6 i e 1
0.1 ohm-m 0.1 ohm-m
8 i 8 1
1 ohm-m 1 ohm-m
-0.01 0 0.01 0.02 0.C -0.2 0 0.2 0.4

Im(Hzz) field (A/m)

Short offset
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With and Without Bucking Coil (H,,)

Imaginary part of Hxx (Short CMCB)
-2 T T

Imaginary part of Hxx (Short CMCB 1RX)
-2 T

Short Offset

Conductive Borehole

Conductive Mandrel

Without bucking coil:
Smaller eccentricity effects
on conductive layers

«w0.0 cm «w0.0 cm
100 ohm-m 1.8cm 1.8cm 0 ohm-m
F —4+3.0cm —4+3.0cm
0 ——4.2cm o—*—4.2cm
1 ohm-m 1 ohm-m
2t 12 g
B 300 ohm-m | € | 300 ohm-m
£ =]
& 4r 154 ]
[a] [a]
1 ohm-m
6t 6t g
0.1 ohm-m 0.1 ohm-m
8t 48t g
1 ohm-m 1 ohm-m
-1200 -1000 -800 -60 1.7 1.8 19 2

Im(Hxx) field (A/m)

With bucking coil |

With bucking coil:

Larger eccentricity effects on

conductive layers

Im(Hxx) field (A/m)

’ Without bucking coil
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With and Without Bucking Coil (H,,)

Imaginary part of Hxx (Long CMCB) Imaginary part of Hxx (Long CMCB, 1 RX)
-2 T T T T T -2 T T T

------- 0.0cm ==0.0 cm
100 ohrffm 1.8cm 100 ohm-m 1.8cm Long Offset
ri —<43.0cm —<3.0cm .
0 —+—4.2cm 0 ——4.2cm ‘ Conductive Borehole
1 ohm-m 1 ohm-m .
Conductive Mandrel
2 2
g 300 ohm-m | & 300 ohm-m
P =
g4 B 4r 1
a a . .
1 ohm—m‘b 1 ohm-m Less eccentricity effects
6 1 o 1 when employing bucking
0.1 ohm-m 0.1 ohm-m coil
8r b 8t 1
1 ohm-m 1 ohm-m

40 -20 0 20 40 60 8 0.64 0.645 0.05

Im(Hxx) field (A/m) Im(Hxx) field (A/m)
‘ With bucking coil ‘ ‘ Without bucking coil ‘
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® We have successfully simulated tri-axial induction
measurements (including the logging tool).
e Effects of borehole-eccentered tools on H,, are:
® Larger for a short offset than for a long offset.
® Highly affected by the presence of a bucking coil.

® |arger when using a conductive mandrel rather than a
resistive mandrel.

e Effects of borehole-eccentered tools on H,, are:

® Observed in the presence of short transmitter-
receiver offsets.
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