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OVERVIEW

Motivation: Simulation of logging-while-drilling (LWD
measurements acquired in deviated wells.

Method:

e Fourier-finite-element formulation in a non-orthogonal system of
coordinates.

e Goal-oriented self-adaptive  hp-FE method.

lterative solver.

Numerical simulation of LWD measurements.

Conclusions and future work.
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MOTIVATION (LOGGING-WHILE-DRILLING)

Induction Instrument in a Deviated Well

MATERIAL |

MATERIAL 11 MATERIAL 11

MATERIAL IV
BOREHOLE

Goal: Determine EM field at the receiver antennas.
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FOURIER-FINITE-ELEMENT FORMULATION

3D Variational Formulation

Time-Harmonic Maxwell's Equations

V xH =6E +J" Ampere’slaw ( 6 = o + jwe)
V x E = gH + M“"P Faraday’s law ( 1 = —jwp)
V-.(eE)=p Gauss’ law of Electricity
V.(uH) =0 Gauss’ law of Magnetism

E-VARIATIONAL FORMULATION:

 Find E € Er, + Hr(curl; Q) such that:
(VX F, g7V X E>L2(Q) — (F,6E) 12y = (F,J"P)

7\

L(Q)

_ <Ft,J;";P>L2(FH) + <V % F,ﬁ_lMimp>L2(Q) VF € Hr,(curl; Q)

\
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FOURIER-FINITE-ELEMENT FORMULATION

E-Variational Formulations (Cylindrical Coordinates)

FINITE ELEMENT —3D—:

( Find E € Er, + Hry, (curl; Q) such that:
} (V x F, 0 'V x E>L2(Q) — (F,6E) 12y = <F,JimP>L2(Q)

_ <Ft,J;";P>L2(FH) +(V x F, g 'M"™) , " VF € Hy,(curl; Q)

\

FOURIER FINITE ELEMENT —3D = Sequence of Coupled 2D Problems—:

(

1 > .
Find E = —— E F.(E) €™, where for each n:
\ 27 . ( )

F.(E) € F.(Er,,,) + Hr,,,(curl”; Qyp), and

o @)

) Z (V"X F,(F), fn_m(ﬁ_l)vm><~7'-m(E)>L2(QZD) — (Fn(F) , Fremn(0)Fm(E)) 1200,

m=—o

= (FulF) , Fuld™) 1oy = (FalF1) s FulI5™))

L?*(Tu,1p)

3 (VXFu) s Foan(iVFn(M™)) e,y Y FalF) € Hyyp (curl’s ap)

\ m=—oo
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FOURIER-FINITE-ELEMENT FORMULATION

Cartesian system of coordinates: x = (x,y, 2).
New non-orthogonal system of coordinates: ¢ = ((1,€5,C5).

_~
T

Subdomain | : Subdomain Il : Subdomain I

T = (1 oS (2 T = (1€08 ( ("BZC}COSCz
§ Yy=@C1sinQe ;9 Yy = C1singy ¢ 5 4y = (rsins

z = (3 z = (3 + tan 001—P1p2 z = (3 + tan 6¢(y
. \ P2 — P1 .
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FOURIER-FINITE-ELEMENT FORMULATION

E-Variational Formulation in the New System of Coordinates ¢

In the new system of coordinates, we obtain:

3D FOURIER FINITE ELEMENT FORMULATION
— Sequence of “Weakly” Coupled 2D Problems —

f

1 >0 .
Find E = —— F.(E e””C2, where for each n:
V2T n:Z_oo ( )

F.(E) € Fo(Er,,,) + Hr,,,(curl”; Qyp), and

2
< Z <VnXFn(F) ’ Fn—m(ﬁ;llod)vmXFm(E)>L2(Q2D) - <]:n(F) ’ ]:n—m(&mOd)fm(E)>L2(92D)

m=—2

= (Fal®) s FaT™) a0,y = (FalFD) s FulTS))

L*(Tu,1D)

2
+ 37 (VXFAE) s Fuemlfish ) Fn M) i Fo(F) € Hry,p(curl™; Qap)

L m=—2

Five Fourier modes are sufficient to represent EXACTLY the new ma terial
coefficients resulting from incorporating the change of coordinate S.
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FOURIER-FINITE-ELEMENT FORMULATION

Main Advantages

Using this non-orthogonal system of coordinates, we obtain:

e Subdomain|: Fp,_ (™) = Fp_m(67) =0 V [n—m| >0
(uncoupled 2D problems).

e Subdomainll: Fp_ (™) = Frem(6™H) =0 V |n—m| > 2
(penta-diagonal coupling).

e Subdomain lll: Fp,_ (™) = Frpon(67) =0 V |In—m| > 1
(tri-diagonal coupling).

SEVERAL SYSTEMS OF COORDINATES THAT LEAD TO A SIGNIFICANT
COMPLEXITY REDUCTION CAN BE CONSTRUCTED FOR MANY
GEOMETRIES ARISING IN CHALLENGING GEOPHYSICAL APPLICATIO NS.
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FOURIER-FINITE-ELEMENT: ILLUSTRATION

150 kHz (Wireline)

Finite Size
| Loop Antenna
n| .| 0 - N
N ’|Ioo5m
o -1l v
€
o Fiber Glass Mandrel
- 5

10 Q-m

Mandrel Radius: 0.04 m

The University of Texas at Austin

Model Problem

4m

1.5m
105m
R 0.65m

3m
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FOURIER-FINITE-ELEMENT: ILLUSTRATION

Verification

Logging Instrument in a Homogeneous Formation

4

10 ‘ ‘ ‘
— 20 KHz (30 degrees)
i - = -20 KHz (60 degrees)
.::..\ — 150 KHz (30 degrees)
3 10 | SLltell - =-=150 KHz (60 degrees)
k=
S
LLJ
o
P
I
QO
1

Number of Fourier Modes
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FOURIER-FINITE-ELEMENT: ILLUSTRATION

Verification

Logging Instrument in a Homogeneous Formation
Wireline, 150 Khz

102 10° 10> 2 -1 0 1 -0.02 -0.01 0
Resistivity (Q-m) Real Part (V/er 1072 Imag Part (V/m)
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FOURIER-FINITE-ELEMENT: ILLUSTRATION

Verification

Logging Instrument in a Homogeneous Formation
Wireline, 150 Khz

6! L
| j
2r i
%ﬂ.
N‘I-
Ot T T
_2 - *+:": :+
_47
—6f {
10% 10° 10° -2 -1 0 1 -3 -2 -1 0
Resistivity (Q-m) Real Part (V/er 1072 Imag Part (V/nQ 107
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FOURIER-FINITE-ELEMENT: ILLUSTRATION

Verification

Logging Instrument in a Homogeneous Formation
Wireline, 150 Khz

10% 10° 10° -2 -1 0 1 -3 -2 -1 0
Resistivity (Q-m) Real Part (V/er 1072 Imag Part (V/nQ 107
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FOURIER-FINITE-ELEMENT: ILLUSTRATION

Verification

Logging Instrument in a Homogeneous Formation
Wireline, 150 Khz

07 10° 10 2 -1 0 1 =3 =2 -1 0
Resistivity (Q-m) Real Part (V/er 1072 Imag Part (V/nQ 107
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FOURIER-FINITE-ELEMENT: ILLUSTRATION

Verification

Logging Instrument in a Homogeneous Formation
Wireline, 150 Khz

07 10° 10 2 1 0 1 3 =2 -1 0
Resistivity (Q-m) Real Part (V/er 1072 Imag Part (V/nQ 107
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SELF-ADAPTIVE GOAL-ORIENTED HP-FEM

A Self-Adaptive Goal-Oriented hp-FEM
Optimal 2D Grid

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

Optimal grids are automatically
generated by the computer.

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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ITERATIVE SOLVER

Description and Performance of the Iterative Solver

Krylov  subspace optimization

Block-Jacobi Preconditioner method (CG or GMRES).

The block Jacobi preconditioner consists of a 2.5D problem defi ned by
ignoring the couplings ocurring between the different Fourier b asis functions
in the original problem.

4000

— 10000 w w
- Direct Solver - Direct Solver
35001 = - - lterative Solver - = = Iterative Solver
8000+
30001
. 2500} )
2 S 6000}
(f) N
o 2000+ 2
£ e
= | (O] 4000 B
1500 =
1000+
2000+
500+
0 EEemmmmm==g======n=
0 5 1 15 20 25 00 25
Number of Fourier Modes Number of Fourier Modes

This simple iterative solver enables fast computations.
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NUMERICAL RESULTS: LWD

Model Problem and Verification

LWD PROBLEM (30 degrees)

Finite Size 107
Loop Antenna

E -
e S
N 3
ol £
S
L]
: 9
Magnetic Buffer: E
E Y
~ p=10000 Q-m £
o K.=10000
Metallic Mandrel:
P=10"Q-m
l.j.r :50 10_2 | | |
1 3 5 7 9
Number of Fourier Modes
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NUMERICAL RESULTS: LWD

Dip Angle
LWD, 2 Mhz
10} I '—e—o dégrees I—e—O dégrees
- - -30 degrees - +-30 degrees
8 l ¢ 60 degrees ¢ 60 degrees
ol _ :
al i
ol i
ol i
Ll - |
—al i
6l - E
102 10° 102 -0.4 0.2 0 0.20.4 -0.2 0.2
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NUMERICAL RESULTS: LWD

Dip Angle + Invasion

LWD, 2 Mhz
10+ T —— 0 degrees ——0 degrees
- - -30 degrees - +-30 degrees
8r : ¢ 60 degrees ¢ 60 degrees
sl _ ;
4_ _
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_4 L _
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NUMERICAL RESULTS: LWD

Dip Angle + Anisotropy

LWD, 2 Mhz
101 | 1 ——0 degrees ——0 degrees

| - +-30 degrees - +-30 degrees
8f | I o 60 degrees 60 degrees

| 3 3
6 i —

|
4_ | ]
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NUMERICAL RESULTS: LWD

Dip Angle + Invasion + Anisotropy

LWD, 2 Mhz
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NUMERICAL RESULTS: LWD

60-Degree Deviated Well

LWD, 2 Mhz
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CONCLUSIONS AND FUTURE WORK

Conclusions

e A Fourier-Finite-Element method in a non-orthogonal system of
coordinates provides enhanced performance for simulating
logging-while-drilling measurements in deviated wells.

e A simple iterative solver based on solving exactly a 2.5D proble m
provides excellent performance, even in presence of elonga ted elements
and/or highly varying material properties.

Future Work
e Inversion
e Multi-physics

e Marine controlled source EM applications.
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