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Abstract

We simulate electromagnetic (EM) measuremets obtained by using one transmitter and one
receiver antenna in a borehole ervironment. The measuremets are usedto asses<slectrical
properties of rock formations. We have started from a problem where logging instruments as
well as rock formation properties are assumedto exhibit axial symmetry around the axis of a
vertical borehole. The initial computations are performed with a 2D self-adaptive goal-orierted
hp-Finite Element Method (FEM) that delivers exponertial cornvergencerates in terms of the
quartity of interest against the CPU time. The 2D meshobtained from the code delivers very
accurate solution at the receiver antenna with minimal number of degreesof freedom in the
mesh. The 3D hp "nite elemer meshis obtained by revolution of obtained 2D mesh. The
layers of formation in the 3D meshare then deviated by 30, 45 and 60 degrees.The 3D parallel
hp "nite elemen code is utilized to solve fully 3D problem in deviated wells. The 3D code has
beenveri ed by comparisonof numerical results with the known exact solution of the problem
of antenna radiating into a homogenousspace,and by comparisonof results of 2D and 3D code
for the problem with axially symmetric layersin formation.
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1 Motiv ation

The main motivation of this work is to be able to solve 3D problem in deviated wells, possibly
with mandrel or casing, and with seweral layers in the formation, as it is presened in Figure 1.



Figure 1: Simulation of 3D problem in deviated wells, possibly with steel casing, and with seweral
layersin the formation.

We also want to study anisotropy and invasion e®ects. The simulations of 3D Logging-While-
Drilling measuremets in deviated wells, require an expensive sequenceof 3D computations for
many position of receiver antenna in a borehole. We use distributed parallel computations, based
on 3D hp nite elemen solver [12], [13], to reducethe computational cost. The use of the parallel
distributed software is a better solution than seeral executionsof the serial code for many logging
positions simultaneously, becauseof the following obsenations
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Parallel distributed software utilizes lessmemory.

Number of processorsis not limited by number of logging positions, and the parallel dis-
tributed code can be executed on large parallel machines with number of nodes exceeding
number of logging positions.

It is possibleto re-utilize information about results from previous logging positions.
It is more suitable for inverseproblems, sinceall data are managedby onedistributed system.

The result for the rst logging position is obtained faster from the parallel distributed code,
which speedsup the deweloping and debugging process.

The parallel 3D code supports parallel hp adaptive computations [12], [13], [11], [4], [5], [8].

In the most °exible version of the FEM, elemens may have a locally varying elemen size h, and
polynomial order of approximation p. A rationale for using hp elemens may have di®erert origins.

2



In singularly perturbed problems, e.g. elastic thin-walled structures, elemens with p > 5 allow
for avoiding locking [15], for wave propagation problems, high order elemeris help to minimize
the dispersion (pollution) error [1]. At the sametime, small elemens are necessaryto capture
geometrical details presert in real world problems. The hp elemens allow for conbining small
elemeris of lower order with large elemeris of high order in the samemesh. We have usedthe 3D
parallel hp adaptive nite elemen code [12], [13] to solve the ressistivity measuremeh problemsin
deviated wells. In the parallel 3D hp adaptive code the adaptivity is driven be the energy norm,
which meansthat the code minimizes nite elemen discretization error on the ertire mesh. In
all problems consideredhere, we are interested in the very accurate solution only at the receiver
antenna. This can be adchieved by using 3D goal-orierted hp adaptivity. We will extend the 3D
parallel hp adaptive code to the goal-orierted strategy soon. So far we restricted the code to the
3D nite elemen meshobtained by full revolution of 2D nite elemen meshproduced by available
2D goal-orierted hp adaptive code [2], [3], [14].

2 Maxw ell's equations
2.1 Time-harmonic Maxw ell's equations

Assuming a time-harmonic dependenceof the form &'t, with ! denoting the angular frequency
Maxwell's equations can be written as

8
§ r £ H = (%t j12)E+ J Ampere's Law,
r £E =ij!'tH Faraday's Law,
(2.1)
r ¢RE) =% Gauss'Law of Electricity, and
r ¢(tH) =0 Gauss'Law of Magnetism.

Here H and E denote the magnetic and electric "eld, respectively, J is a prescribed, impressed
current source,?;t; and ¥ stand for dielectric permittivit y, magnetic permeability, and electrical
conductivity of the medium, respectively, and Y2denotesthe electric charge distribution.

Maxwell's equations are not independert. Taking the curl of Faraday's Law yields the Gauss'
Law of magnetism. By taking the curl of Ampere's Law, and by utilizing Gauss' Electric Law we
arrive at the so called cortin uity equation,

rG(¥E)+j! Yetr ¢J=0: (2.2)



2.2 Steady State Maxw ell's equations

At Direct Current (DC, i.e., ! = 0), the time-harmonic Maxwell's equationsreduceto,
8
% r £H =YE+ ] Ampere's Law,
r £E =0 Faraday's Law,
(2.3)
g r ¢CE) =% Gauss'Law of Electricity, and
“r ¢tH) =0 Gauss' Law of Magnetism.
Similarly, the continuity equation reducesto,
r ¢¥E)+r ¢J=0: (2.4)

For simplicity, we shall assumethat the solution domain is simply connected. Faraday's law implies
that there exists a scalar potential u such that,

E=ir u: (2.5)

The continuity law (here understood in the distributional sense)implies that, in the subdomain
occupied by conductive media, the potential must satisfy the so called conductive media equation,
ie.,

r ¢3 u=ir ¢J; (2.6)

accompaniedby homogeneousNeumann boundary condition on the conductive/non-conductive
material interface,

5@ _ ;.
Yo = O 2.7)

We focus here on the computation of an electrode in a dipped borehole at zero frequency
(DC). In the remainder of this document we will use formulation (2.6) for solving our Petroleum
Engineering applications of interest.

3 Numerical results

The computations preseried in the chapter use nite elemen meshpreseried in Figure 2, designed
by hand, basedon the optimal 2D meshprovided by 2D goal-orierted hp adaptive code [2], [3], [14].
There are one transmitter and one receiver antenna in the computational domain. The 2D mesh
obtained from the goal-orierted code provides very accurate solution at the receiver antenna [2],
[3], [14]. The 2D starting meshis obtained by setting order of approximation p = 2 globally, and
varying elemerns sizebasedon the results of the optimal meshprovided by the goal-orierted code.
The 3D meshis obtained by full revolution of the 2D meshdesignedby hand, seeFigure 3. The



Figure 2: The 2D meshdesigned"by hand".

Figure 3: The 3D meshobtained by a full revolution of the 2D mesh.



Figure 4: The solution to the problem of antenna radiating into a homogenousspace.
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Figure 5: Zoom 10 times into the receiver antenna.
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Figure 6: Zoom 15 times into the receiver antenna.
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Figure 7: Layerswith se\eral resistivities in the formation.

parallel 3D hp nite elemert solver has beenusedto solve a sequenceof ressistivity measuremets
simulations in deviated wells.

The solver has beenveri ed by comparing results of the problem of antenna radiating into a
homogenousspacewith known analytical solution m. The results of computations are presered
in Figure 4. The resulting value at the receiver antenna, drawn in the Figures 5, 6 coincideswith
the exact solution and with results of the 2D goal oriented code [2], [3], [14].

The computational domain for the ressistivity measuremen problemsincludesloop shape trans-
mitter and receiver antenna, located inside a borehole, with seweral layers in the formation, pre-
serted in Figure 7. There are di®eren resistivity constarts assignedto particular formation layers.
The resistivity of the target layer is assumedto be equal 20 Ohm j m. We have performed a
sequenceof computations by using the parallel 3D hp nite elemen solwer, for di®erert anglesof
deviated wells, for 0, 30, 45 and 60 degrees,as it is preseried in Figure 8. The 3D nite elemen
meshhas beenbent for di®erert anglesof formation layers, seeFigure 8.

The computations for ead angle have beenperformedin a sequenceof locations of receiver and
transmitter antenna. In other words, the ertire tool hasbeenshifted along the axis of the borehole.
We have performed computations for 60 positions of receiver and transmitter antenna. We extract
the solution valuesat the receiver antenna.

We have compared results of the 3D code with results of the goal-orierted 2D code, for the
caseof axially symmetric layers. The 2D code usesthe formulation in the cylindrical system of
coordinates [3]. There is a perfect agreemen between results of the 2D and 3D codes, as it is
preseried in Figure 9. The picture presers values at the receiver antenna for di®eren logging
positions.



Figure 8: Left-hand-side picture: 3D meshbent by 0, 30, 45 and 60 degrees.Middle picture:
Front view on the cross-sectionof the 3D mesh. Righ t-hand-side picture: Solution to the
problem drawn on the cross-section. The nite elemern mesh used provides accurate solution at

the receiver antenna.



Figure 9: Potential at the receiver antenna for fully axially symmetric case: comparison between
2D and 3D codes.

Figure 10: Potential at the receiver antenna for seweral angelsof formation layers.



Figure 11: Computational domain decomposedinto 8 pieces.

Then, the sequenceof computations have been repeated for caseswith deviated wells, with
formation layers bent by 30, 45 and nally 60 degrees.The obtained results are drawn in Figure
10. The picture presers valuesat the receiver antenna for di®erer positions of the antenna, for
di®eren formation layer angles. We bent not only nite elemeris modeling the formation layers,
but also nite elemerns modeling the boreholeand the transmitter and receiver antenna. This may
imply somedisturbancesin numerical results, especially for large angles.

4 Performance measuremen ts

The parallel hp nite elemen code has beenusedto compute all results preseried above. The
parallelization is done basedon the domain decomposition paradigm. The computational domain
is cut into equally loaded pieces, [12], [13] as it is preseried in Figure 11. The load balance is
computed by the ZOLTAN library [18]. We comparethe execution time for 1, 4 and 8 processors,
for particular parts of the code.

The details of the parallel direct multi-fron tal solver used are described in [12], [13]. The 3D
solver is an extension of the 2D solver [11], basedon the solver preserted in [6], [16]. The parallel
solver usesone master processfor the interface problem solutions. The computations involvesthe
following steps

1. Initialization of the code, including generation of the geometry of the problem described in
the input Te [17], which is a sequetial part of the algorithm.

2. Generation of the nite elemert mesh.

3. Solution of the problem.

For eadt logging position, we needto repeat steps(2) and (3). The geometry of the domain remains
the same, only positions of transmitter and receiver antenna are changed, and the nite elemen
meshmust be adjusted to provide accurate solution at the new position of the receiver antenna.

We have perform measuremets of exciency of the parallel code. We comparethe total com-
putation time for di®eren number of processorspreseried in Table 4 and in Figures 12, 13 and
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Number of processors:| 1 3+ 1 master | 7+ 1 master
Initialization 12s | 12s 12s

Mesh generation 90s | 31s 13s

Solver 39s | 14s 6s

Total 141s| 57s 31s

Table 1: Execution time for particular stepsof the algorithm. simulation.

Figure 12: Mesh generation times.

14. The rst part of the code, the generation of geometry basedon an input le data is purely
serial, but this part must be executedonly at the beginning of the simulation, and for ead logging
position only the mesh generation and solver parts are executed. Both parts scalesvery well, up

to 90 % or relative exciency [7].

Figure 13: Solver execution times.
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Figure 14: Total executiontimes.

5 Conclusions and Future Work

2 We developed parallel hp nite elemer solver, which automatically solvesin e+cient way 3D
ressistivity measuremen problemsin a sequenceof logging positions.

2 We veri ed the code by comparing numerical results with known exact solution to the antenna
radiating into a free spaceproblem, and by comparing 2D and 3D codes for fully axially
symmetric casewith a boreholeand seweral layersin the formation.

2 The 3D nite elemen meshwasobtained by revolution of the 2D meshdesignedby hand based
on the optimal mesh produced by the 2D goal-orierted hp nite elemen code, minimizing
the discretization error at the receiver antenna.

2 The parallel codessupports automatic hp adaptivity driven by energynorm. We will extend
the code to 3D goal-orierted hp adaptivit y.

2 Wewill replacecurrent parallel solver by a new one, interfacing with MUIti-fron tal Massively
Parallel Solver [9], which is 20 times faster then our current solver.

2 The future work will include goal-orierted hp adaptive computations of 3D problemsin de-
viated wells, possibly with mandrel or casing, and with seweral layersin the formation. We
will also study anisotropy and invasion e®ects.
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