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Abstract

Triaxial induction tools are used in well logging to efficiently measure formation
anisotropy including reservoir rocks that show anisotropy, such as thin laminated
reservoirs.

Dielectric tools are mainly used to detect fresh water and carbonate. They are vital
in distinguishing thinly laminated shale oil/gas detection. Dielectric tools have higher
working frequency than triaxial induction tools.

In this thesis, an analytical method is used to simulate the responses of triaxial
induction tools in one-dimensional multi-layered transverse isotropic formation with both
the borehole and invasions neglected.

Dielectric tools have the same basic formulations as triaxial induction tools except
there only have two directions. Given the wide use of dielectric tools in the industry,
having a simulation method that can simulate dielectric tools with speed and accuracy is
important. Thus, frequency limitation for the simulation method is studied in this thesis to

determine if this simulation method can simulate dielectric tools.
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Chapter 1 Introduction

1.1 Background

In the resistivity market, the induction tool has been mainly produced because of its
accuracy in detecting formation resistivity in drilling environments. One transmitter coil
and one or two receiver coils arranged with their axis orientated along the axis of the
borehole can be found in a traditional induction logging tool, and this tool has no
sensitivity to resistivity anisotropy, which means traditional induction tool cannot tell the
difference between thick low-resistivity bed and laminated thin-bed zone. Given that the
resistivity in the transverse direction is isotropic, it is transverse isotropy. Measuring thin
laminated reservoirs accurately is critical because numerous thick-layered oil reservoirs

are getting exhausted.

1.1.1 Triaxial Induction Logging

A triaxial induction tool is an emerging tool with both traditional z and x-y antennas
as transmitters and receivers. This tool consists of three orthogonal transmitters and three

orthogonal receivers, as shown in Figure 1.1.



A z t
Main Receiver R, % Main Receiver R, L—ﬂ v
Y i
Bucking COM;#%““’ Y Bucking Coils R: Ly
Lli Lli
X ] N X U
% . M} vy
Transmitter}gy)f Y Transmitter T M) Y
X X
(a) Basic structure of a triaxial induction tool (b) Equivalent dipole model

Figure 1.1. Basic structure of a triaxial induction tool and its equivalent dipole model.

In a triaxial induction tool, each transmitter and receiver can be treated as point
magnetic dipoles because the coils are assumed to be sufficiently small. Three
components of the induced field exist at each receiver. Thus, nine components will be

produced as

XX Xy Xz
H=H, yy yz |!
x 7y z

where the first subscript corresponds to the transmitter index and the second corresponds
to the receiver index. Therefore, H;; denotes the magnetic field received by the

j-directed receiver coil excited by the i-directed transmitter coil.



Formation anisotropy responds to different components in tool transmitter-receiver
combinations. Therefore, the triaxial tool can measure formation resistivities with

anisotropy.

1.1.2 Dielectric Tool

Dielectric tools are single frequencies around 1 GHz with one or two transmitters
and one or two receivers. Transmitters and receivers are modeled as unit moment
magnetic dipoles in this thesis. The array dielectric logging tool is known for its
extensive applications because it possesses multiple frequency channels and various
combinations of transmitter and receiver sets. The array dielectric logging tool that
comprises two transmitting antennas and eight receiving antennas symmetrically
surrounding the transmitting antennas is shown in Figure 1.2. Each antenna is a
cross-dipole offering collocated normal magnetic dipoles working in longitudinal and

transversal modes.



AN EXNTEN EX
CTICET

Figure 1.2. Schematic of dielectric logging array.

1.1.3 1-D Multi-Layered Transverse Isotropic Formation

A transversely isotropic material is one with physical properties, that are symmetric
about an axis that is normal to a plane of isotropy. The formation properties are the same
in all directions.

Figure 1.3 shows the basic structure of transverse isotropy. In this paper, we
consider a 1-D multi-layered transverse isotropic formation with both the borehole and

invasions neglected.
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Figure 1.3. Transverse isotropy.

Figure 1.4 shows the thin laminated reservoir.

Figure 1.4. Thin laminated reservoir.

The electrical conductivity and permittivity of a medium are positive-definite
symmetric second-rank tensors. For a transverse isotropic medium, the conductivity and

permittivity tensors will be



6={0 g, 0 1)
0 0 o
and
e, 0 0
e=|0 ¢ 0} (2
0 0 ¢

where 0, and &, are the horizontal components of the conductivity and permittivity
respectively. o0, and &, are the vertical components of the conductivity and
permittivity, respectively.

For a one-dimensional (1-D) formation, the only parameter that must be considered
is the dipping angle. Figure 1.4 shows the triaxial induction tool in a 1-D multi-layered

transversely isotropic formation.

1.1.4 Computation Time

The software is fast because an analytical solution is used. The computation time
mainly depends on the number of layers and receiver points. For the five-layer model in
Figure 1.5, this simulation method costs 9.15625 seconds for 184 receiver points on an

Intel 2.4GHz (core) PC.
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Figure 1.5. 5-layer formation structure.

1.1.5 Objective

The simulation method that is used to forward modeling the response of triaxial
induction tools in a 1-D multi-layered transverse isotropic formation can function
properly at low frequency. However, given that the frequency of dielectric tools’ is
higher than that of triaxial induction tools, the frequency limitation for this simulation
method should be explored to make sure it can function properly.

In this thesis, we mainly focus on using triaxial induction and dielectric tools at
different frequencies. The results of the triaxial induction tools at frequencies lower than
200 kHz were checked by previous works. This simulation method can obtain fast and

accurate results. Thus, frequencies higher than the aforementioned should be checked.

7



The fast Hankel transform can satisfy speed requirements and has the accuracy that
the tool requires. To calculate the reflection and transmission coefficients, a fast
algorithm for the computation of triaxial induction logging tools in a layered transverse
isotropic formation is used. Based on the electromagnetic (EM) field in planarly layered
media, formulations of the EM fields generated by three transmitting coils are derived.
Compared with the algorithm using the coefficient propagator method previously
developed, the proposed algorithm calculates the reflection and transmission coefficients
only once for each layer regardless of the position of the transmitters and, therefore,
significantly speeds up the computation.

Specifically, this thesis aims to complete the following tasks:

1. Study magnetic field components in a homogeneous transverse isotropic medium,
and derive all nine components of the magnetic field generated by a magnetic dipole in a
homogeneous transverse isotropic medium.

2. Study the magnetic field response of a triaxial induction tool in a 1-D multiple
layered transverse isotropic formation, and obtain nine components of the magnetic field
generated by a magnetic dipole in a 1-D multiple layered transverse isotropic formation.

3. Try frequencies from 10 MHz to 50 MHz for triaxial induction tools with one
transmitting coil and one receiving coil, and then analyze the results to determine if this

simulation method can handle those frequencies.



4) Try frequencies that range from 300 MHz to 1 GHz for dielectric tools with one

transmitting coils and two receiving coils, then analyze the results.



Chapter 2 Formulation

The transmitting and receiving coils are assumed to be sufficiently small and
replaced by point magnetic dipoles in the modeling. The magnetic source excitation of

the triaxial tool can be expressed as

M =(M, .M, M, )s(r). @

2.1 Magnetic Field Components in a Homogeneous

Transverse Isotropic Medium

The following are Maxwell’s equations for the electric and magnetic fields:

V xH(r) =¢ iwe E ¢ B E @

and

V xE(r) Fop H(r)op M (

()
For convenience, a complex conductivity tensor is defined as follows:
o 0 0 o, -iwe, 0 0
=0 o 0 |=|0 o, -iwe, o | (6)
0 0 o 0 0 o, -lwe,

The Hertz vector is potential z—and scalar potential®. By substituting Equations (4)
and (5), the following can be obtained:

6 -E(r)=ious, Vxa @)

10



and
H(r)= ia),uoh,n+ V. (8)
A gauge condition is then used for the scalar potential:
V(¢ -7)=0,O. (9)
By substituting Equation (9) into Equations (7) and (8), the following can be obtained:
E(r)=ious, 6" -Vxn (10)
and

V(6 -7)

!

Oy

H(r)= ia),uah'n+V( ). (11)

The derivation of the Hertz vector potential in a multiple layer formation is shown in
Appendix I.

For an x-directed magnetic dipole M = (M _,0,0)", the Hertz vector potential is

given by
m=rnX+m,1, (12)
where
B MX eikVS
T 4] S (13)
and
ikys ikpr
nz=2/lx):(izes -zer ] (14)
mp
where

11



2=q'la, (15)
kX =iwuo, (16)
k2 =iwus, | (17)
r=\xt+y*+ 2, (18)
p=A+y? (19)
and

s= X2+ y?+1°7%, (20)

For a y-directed magnetic dipole M = (0,M y,O)T , the Hertz vector potential is given

by
r=ry+7,1, (21)
where
— & eikvs (22)
Yo d4m) s
and
ikys ikpr
nzzMyZ[lZe P j (23)
Azp S r

For a z-directed magnetic dipole M = (0,0,M )", the Hertz vector potential only has
a z component:
m=1,1, (24)

where

12



: MZ eikhl‘
T, —-—— .
Ydror

(25)

By substituting (12)—(25) into (11), all the nine components of the magnetic field

generated by a magnetic dipole in a homogeneous transverse isotropic medium can be

obtained:
_e" ke ikys-kk,x®2ik, x|
“ 4m | s sp? p’
| (26)
e | ik r-k2x? 2k x? ik, . (KXC+1) 3ik x* 3x?
- —h 4 + -
Ar rp? ptor? r ' r
e | kk, 2ik e"n'xy| k2 2ik,  k? 3ik, 3
H =H =x -—hv h |- -—h JZTh gy h T L= (27
¥ Y y47rp2|: S pz} A [I’p2 pt o re rs} @7)
ikpr H
e 3ik. 3
H,=H,=-xz ky+=—"-—1, 28
X Xz 47l_r3l:h r r2:| ( )
H _e" ke ikys-koky? 2ik,y?
Y A4m | Js sp’ p’
T ) ) ) (29)
e ik r-key? 2k, y® _ﬁ+(k§y2+1)+3lkhy2 3y
Arc rp’ pt o r? r3 ' |
ikpr H
oy et 3k, 3
HZV_HVZ_-yZW{kthTh-F} (30)
and
y :eikhr k2+ﬁ_(kﬁzz+l)_3ikhzz+£ 31)
2o 4mr| " x r2 oot

13



2.2 Magnetic Field Response of a Triaxial Induction Tool in a

1-D Multiple Layered Transverse Isotropic Formation

For a general case, the magnetic field response of a triaxial induction tool ina 1-D

multi-layered transverse isotropic formation is considered.

2.2.1 A z-directed Magnetic Dipole in a Multi-layered

Transverse Isotropic Formation

The vector potential only has a z component:

Y

=11 (32)
Within the ith layer of the formation (Z;; < Z <Z;), the vector potential is found to be as

_ Mz « ﬂi ~hilz-20] ~hiZ &hiz
" _EJ‘o (f_hie R+ FeT +Ge™ ad o (ap)da. (33)

Substituting (32) into (11), the following is obtained:

=0T g, 0T §+ (iou,c,r +82”2i)2 (34)
Toxor | oyer Hoon Tt ™ 52 )%

The expressions for H,.,;, H

yzi and H,;are given by

M > (B 2= e ~éhi tiz |2
H =-"2cos | lemenill y Femeni —Geth? i’ ). (ap)da, (35
xzi 472_ ¢JO §h| (ghi Z—ZO i i l( p) ( )

_Mz P * ﬂl |Z_ZO| —&hilz—20| —&hiz &hiZ 2
Hyzi—Esm(éJ.O ghi(ég_hiz_—zoe TRl Fe Tt —Ge™ J, (ep)da (36)

and

14



M o ﬁ —f-\z—z\ —&niZ hiZ 3
H = i g ¢hilz=20l | Eaéhiz 4 G ghi J (ao)da, 37
zzi 47[ J-O [éhi i i 0( p) ( )

where

0, if M, is not in the ith layer
é:hi:(az_khzi /2’ i={ Y (38)

1,if M, is in the ith layer.
In Equations (35) through (37), Jo(ap) is the O-th order Bessel function. The symbol p
implies that the equivalent transmitter and receiver in a formation coordinate are not
coaxial but should be parallel. The symbol F;is the magnitude of the reflection magnetic
fields and G; is the magnitude of the refraction magnetic fields.

Boundary conditions are used to calculate F; and G;. The equations are

o, OTy(iv1)

39
0z 0z (39)

and

%21 ~ M4z (i +1) (40)

2.2.2 An x-directed Magnetic Dipole in Multi-layered Transverse

Isotropic Media

An x-directed magnetic dipole generated vector potential in both x and z direction,

m=nX+m,1, (41)

15



where the ith layer of the formation ( Z;; <Z <Z;), the components of the vector potential

are given by

§V|A|‘Z ZO‘ §V|ﬂ1Z éwllz
. e +Pe” +Q.e J (ap)da 42
xi 47[2, (5 Jﬂ o(@p) (42)

and

T, = 'le cos ¢j§°(8ie‘¢hiz +Te? — £, Pe o4 4 £.Q.e )J (ap)da
7T

(43)

(e Guilz-z| —gviziz—zo)ﬂ\] (ap)da.

0

Substituting (41)-(43) into (11), the magnetic fields are obtained:

2 2 2 2
i_zanzua T, )A(_i_(/liz@ 8
OX oXxoz
627r o0°r.
+(1 + 70 2y,
(loptoo 8xaz oz° )

0x8y 0yoz Evall

Hi = (ia)ﬂoahn—)(l +
(44)

The expression for the magnetic field components can then be obtained as:

ﬂi khzl SinZ ¢e*§viﬂi‘z’zo‘ _ﬂi C052 ¢é:hie*§hi‘zfzo‘

iovi

Q.

_M, Iy +%khzi sin® ge =42 +I'khzi sin® ge%*? ad, (ap)da

—S, cos® p&, e~ +T. cos’ g&. e’

(45)

A ?kfie‘w% + B
Vi

Ol +PAkZe 4 + QAK e J,(ap)da,
+Si§hi(37‘fhiz _Tigghieém

16



H yxi

+

where

and

dr

M, sin2¢|;
Ao

M, singcos g/’

B
//ngvi "

//th

_Sighie_ghiz +Ti§hie§hiz

A ?kée‘w% + B&ye
Vi

+Pl/llk\ie*§wllz +Q|/1’|k\ieéwilz
"’Sighi(ﬁhiZ _Tighieghiz

0

o, O a1
Hi . = Hin oz

IG5 = g Ty gy »

2 2
Kei . :kh(i+1)7z'x(i+1)’

2 \—Sidi|z-2 —&hi|Z-2
__ke ‘ 0‘_,3@1@ |22

P2 Q
*fvijiZ 2 fvijiz
——kse ——k.e

ad, (ap)da

1, (ap)da,

-7
H, = % cos ¢j§°( i/ 2= 20 g S,e i 4 Te ]ale(ap)da,
T

hi xi
2 2
2 azﬂxi _I_azﬂzi _ 42 O Tyiny O Ty
boaxt ooxar T X oxoz
1/2
Sni = (az - khzl)

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

In Equations (42)—(47), P; and S; are the magnitudes of the reflected magnetic fields and

Qi and T; are the magnitudes of the refracted magnetic fields.

17



2.2.3 Avy-directed Magnetic Dipole in Multi-layered Transverse

Isotropic Media

A y-directed magnetic dipole in multi-layered transverse isotropic media generates a
vector potential in both y and z directions:
m=m+m,1. (54)
Within the ith layer of the formation, the vector potential and the magnetic fields are

found to be as

M ilz—2o iz iz

and

ZI

M
n.::ngn¢g1s@-%2+ﬂe%z—gﬁeeﬁﬂz+é¢Q@@”Zﬁl&nﬁda
T

M | | (56)
+—Lsingl g (el g )20l (gp)da
4 -2,
Substituting (47) into (11), the following is obtained:
0° 2 0° 2
H, =02 220 O3 oo, + 42—+ Oy g
Xy  Oxoz oy’ aya (57)
i +fa%w+y%U2
WUNO T, ; ——— T+ ——) L.
/uo h’*zi 8y82 822

The magnetic fields generated by a y-directed magnetic dipole are given by
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y ﬁkgeffviﬂi\lflo\ +ﬁ_§h_e*§hi\2*20\
M ; *® P| -&ikiz Qi Az
+4ﬂ;sm 2¢j0 +Zkhzie S +—Ikhziefv'”“ J,(ap)da,
+Si§hie—§hiz _Tié:hieéhiz
ﬂi khzl cos? ¢e*~fvi’11"2*20‘ _:Bi sin? ¢§hie*§hi\2*20\
M, .| P )
H,, —4—7; . +I'khzi cos’ ge i +%k§i cos’® ge~i’? o, (ap)da
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) gﬁ K2 Swalel _ gz gl
M . vi
+4—yc052(,zﬁj0 —PAk2e 4 _Q A ke J, (ap)da,
47
_Siéchie_‘fhiz +Ti(§hie§hiz
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szi :4_7:-/5“'] ¢ISO(IB| Me‘@ih—lo‘ _'_Sie—fml +Tie§h‘ZJale(ap)da,
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ﬁ' 2 —&ikilz-2 —&hilZ-2
- : khie oAl 0‘_ﬁi§hie e
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:u| 62 1u|+1 62

IG5 = Hisg T gy 0
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where
G =(a” —k3)" (65)
and
£ —(at—12)". (66)
Similarly, for the x-directed dipole, in (55)—(60), P; and S; are the magnitudes of the
reflected magnetic fields, and Q; and T; are the magnitudes of the refracted magnetic

fields.

2.2.4 Magnitude of Reflection and Refraction Magnetic Fields

To calculate the unknown magnitude of the transmission and reflection coefficients,
boundary conditions are used.

Pi, Qi, Si and T; for x and y-directed dipoles are first identified. From the continuity
of the EM fields at the horizontal boundary z = z;, the boundary conditions of the Hertz

potential are

yi y(i+1)
oy | 67
a 0z Hit /4 e
,uinzi = :ui+1n-z(i+1) ) (68)
) 827tyi aznzi 2 627Tx(i+1) 827[z(i+1)

ﬂi ayz + ayaz :ﬂ'i-%—l ayz ayaz (69)

and
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kr?inyi = khz(i+l)7[y(i+l) : (70)
From Equations (54)—(57), Pj, Qi, Si and T; can be determined.
The next step is to calculate the coefficients F; and G; for the z directional dipole.

From the continuity of the EM fields at the horizontal boundary z = z;, the boundary

conditions of the Hertz potential are

% _ a7[z(i+1) 71
0z 0z (1)

and
M5 = T i) - (72)

The final expression for the coefficients F; and G; can be derived by applying

boundary conditions.

2.3 Magnetic Field Response of Triaxial Tools in Arbitrary

Orientation

In practice, the orientation of the transmitter and receiver coils will be arbitrary in
regards to the principal axes of the conductivity tensor of the formation. Figure 2.1 shows
schematically the bed coordinate system described by (X, y, z) and the sonde coordinate
system described by (X', y', z'). In Figure 2.1, o, g ,and ) denote the dipping, azimuthal,

and orientation angle, respectively. The angle « is the relative deviation of the
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instrument axis z regard to the z-axis of the conductivity tensor. The angle 4 is the

angle between the projections of the instrument axis z on the surface of the x-y plane and

the x-axis of the formation coordinate. The angle 7 represents the rotation of the tool

around the z-axis.

ZI

A° v &
y /.

\ / [ .

>y X
VAR
Ry Rz .
o '
Rx '
4 :
/ .

o —> Y
./ ~~~ ]
Ty R - R :
Tz B MR !
S T h
4
/
X 7
/

Figure 2.1, The bed coordinate system (x,y,z) and the sonde coordinate system (x', y', z').

The formation coordinate system can be related to the tool coordinate system by a

rotation matrix R given by

i R11
R= R21
_R31

R12
R 22
R32

RlS
R23
R33

[ cosacos Bcosy —sin Bsin y
=| CoSasin oSy +Ccospgsiny —cosasin Asiny +cosfcosy  sinasin g |.
—sinacosy

—C0Sa CoS sin y —sin fcosy  sinacos f

sinasiny cosa
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Consequently, the coupling between the magnetic field components and the magnetic
dipoles in the tool system is given by
H'=R"HR. (74)

Equation (74) is then used to obtain the final magnetic fields.

23



Chapter 3 Dielectric Tool

3.1 Introduction

Dielectric measurement plays a vital role in distinguishing freshwater and
carbonates. In nature, reservoir rocks are often sedimentary that comprise a grain and a
cement rock matrix with interconnecting void spaces (pores). The formation of water, oil
and gas is filled in pores. Resistivity logging is possible because formation rocks can
transmit an electric current through the absorbed saline water contained inside their pores,
but not through the insulating matrix of oil and gas. Water-bearing formations usually
have a low electric resistivity compared with hydrocarbon-bearing formations. However,
once the pores contain a high resistance of formation fluid such as fresh water, the
resistivity logging tools fail to perform an accurate formation evaluation and provide
incorrect formation property measurements.

Dielectric constant logging was developed to distinguish fresh water and oil, which
was difficult to perform with resistivity logs alone. Dielectric tools are sensitive to
detecting the formation with water that has an unknown salinity. Most recent dielectric
tools use single frequencies around 1 GHz with one or two transmitters and one or two
receivers. Array dielectric logging tools are widely used because of their multiple
frequency channels. Array dielectric logging tools have various combinations of

transmitter and receiver sets.
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In this thesis, one transmitter and two receivers are used to simulate a dielectric tool,
and different frequencies are employed to check the frequency limitation of the
simulation. The transmitter and receivers are modeled as unit moment magnetic dipoles

and compute the tool responses are computed.

3.2 Difference from a Triaxial Induction Tool

Dielectric tools use the same formulation as triaxial induction tools. However, a tool
pad has one or more transmitters and two or more receivers. The working frequency of
dielectric tools is higher than that of triaxial induction tools. In industry applications,
triaxial induction tools use frequencies not higher than 100 MHz. Dielectric tools usually
work at around 1 GHz. They have only two directions of transmitters and receivers. For
triaxial induction tools, three directions of transmitters and receivers can obtain nine

components of the magnetic field.
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3.3 Dielectric Tool Response

Tool response is defined as the attenuation and phase difference between the
received field from receivers for a tool with one transmitter and two receivers. Figure 3.1

shows the attenuation and phase difference.

Amplitude A,, Ppase P,

+» Measurement:
Attenuation: -20lg(A2/A1) IndB
Phase Difference: P2-P1 in degree

Figure 3.1. One-transmitter-two-receiver-antenna-array responses.

The amplitude and phase can be easily obtained for each receiver based on the magnetic
field. The equations shown in Figure 3.1 are then used to calculate the attenuation and
phase difference of the two receivers.

Chapter 4 will show that attenuation and phase difference can clearly demonstrate

information for the formation.
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Chapter 4 Simulation Results and Analysis

This chapter mainly focuses on the frequency of induction tools simulated in the
algorithm. The simulation method used in this thesis is called TIRTIO09, which is
programmed in Fortran. A new version of this simulation method is called TIRTI10.
However, the basic idea and functions are the same. The only difference is TIRTI10 can
calculate magnetic fields faster using a different method for the calculation of
transmission and reflection coefficients. But this does not influence the frequency

limitation in the simulation of the induction tool.

4.1 Example |

A tool with one transmitting coil and one receiving coil is simulated at frequencies
10 MHz, 30 MHz and, 50 MHz. The spacing of the tool is set as 20 inches and 4 inches.
Figure 4.1 shows the formation used in this thesis. The formation has seven layers,

and Table 1 shows the horizontal and vertical conductivities of each layer.
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Rh=Rv=10o0hm-m

Rh=Rv=100hm-m

Rh=Rv=100hm-m

Rh=Rv=10o0hm-m

Figure 4.1. Formation layouts for a seven-layer transverse isotropic formation.

Table 4.1. Formation data for a seven-layer transverse isotropic formation.

Horizontal Conductivities (s/m)

Vertical Conductivities (s/m)

Depth (feet)

0.1 0.1 -10~0
1 1 0~0.666667
0.1 0.1 0.66667~10.666667
1 1 10.66667~11
0.1 0.1 11~21
1 1 21~21.0833333
0.1 0.1 21.0833333~31.0833333




The tool structure is shown in Figure 4.2.

Figure 4.2. Tool structure for the simulation.

The tool has one transmitter coil and one receiver coil. The number of turns on the
transmitter coil is one, and that of the receiver coil is also one. The dipping angle is 0
degrees, the azimuth angle is 0 degrees, and the rotation angle is O degrees. The relative

permittivity is selected as 10.0 for each layer.
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4.1.1 Frequency Results for the 20-inch Triaxial Induction Tool

In Figures 4.3 to 4.12, 10 MHz frequency results are plotted by a red solid line, 30
MHz frequency results by a green dotted line, and 50 MHz frequency results by a blue
dotted line. These results do not show the exact position of each layer.

The formation used to simulate in this thesis has seven layers, and three thin layers
can be deduced from the simulation results. However, given that the spacing of this tool
is slightly large for these types of thin layers, the width difference between each layer
cannot be identified. The width of each layer is the same, which can be determined from
all the results obtained. In the next part the space will be decreased to check the results.

The imaginary parts of the results reflect the structure of the formation. We therefore
mainly focus on the imaginary parts.

For all the results, we mainly focus on the zz component because our dipping angle
is 0 degrees, and the zz component can clearly reflect the structure of the formation if the

results are good.
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Figure 4.3. Hy, real part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the tool space is 20
inches.

0.4 T T T T T T T T

02+ Illl_fli _

02Ft
04

06F 7T ot |

Real{Hxx){Afm)
r_:
I
:
B——
!
i
|
I
|
|
|

08

_1_4 1 1 1 1 1 1 1 1
-10 -9 0 5 10 15 20 25 30 35

Depth(ft)

Figure 4.4. H,, imaginary part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the tool
space is 20 inches.
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Figure 4.5. Hy, real part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the tool space is 20
inches.
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Figure 4.6. H,, imaginary part when frequencies are 10MHz, 30MHz, and 50MHz, and the tool space
is 20 inches.
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Figure 4.8. H,, imaginary part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the tool
space is 20 inches.
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Figure 4.10. H,, imaginary part when frequencies arel0 MHz, 30 MHz, and 50 MHz, and the tool
space is 20 inches.

34



£
=3 i
N
L
= i
@
id
O_ -
W o
02F-—-—-—- SR AR = holmm = - A
. L L
_0_4 1 1 1 1 1 1 1 1
-10 -5 0 5 10 15 20 25 30 35
Depth(ft)

Figure 4.11. H,, real part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the tool space is
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4.1.2 Frequency Results for the 4-inch Triaxial Induction Tool

In Figures 4.13 to 4.22, all results show with accuracy the position of the thin layers.
Thus, for appropriate tool spacing, this simulation method can simulate the triaxial
induction tool with accuracy.

We focus on the imaginary parts of the results and mainly on the zz component,
which can clearly show the structure of the formation if the results are good.

The difference for each layer can be identified from these results. The width of the
8-inch layer is the largest. The 8-inch layer also has the highest amplitude in the three
layers. The 1-inch layer has the smallest width and amplitude.

From 10 MHz to 50 MHz frequency, we can conclude that as frequency increases,
the amplitude of each layer increases. However, the shape of each layer does not change
as frequency increases.

For dielectric tools, we will check the frequency limitation to determine whether or
not this simulation method can handle a frequency as high as 1 GHz. If this simulation
method can obtain results higher than 1 GHz, we can use this simulation method to
simulate dielectric tools. If not, we will obtain a frequency limitation of this simulation

method for future research.
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Figure 4.13. H, real part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the tool space is 4

inches.
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Figure 4.14. H,, imaginary part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the tool
space is 4 inches.
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Figure 4.15. Hy, real part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the tool space is 4
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Figure 4.16. H,, imaginary part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the tool
space is 4 inches.
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Figure 4.17. H,y real part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the tool space is 4
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Figure 4.18. H,, imaginary part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the tool
space is 4 inches.
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Figure 4.19. H,, real part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the ool space is 4
inches.
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Figure 4.20. H,, imaginary part when frequencies are 10 MHz, 30 MHz, and 50 MHz, and the tool
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Figure 4.22. H,, imaginary part when frequency is 10 MHz, 30 MHz and 50 MHz, the tool space is 4
inches.
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4.2 Example ll

In this example, a frequency from 300 MHz to 1 GHz is used to simulate the
dielectric tool. The formation is the same as that in Example I.

Figure 4.23 shows the tool we use to simulate. The distance between transmitter T
and receiver R; is 6 inches and that between transmitter T, and receiver R; is 10 inches.
Both the transmitter and receiver have only one coil for simplicity. Dielectric tools have x
and z-direction components. Given that the dipping angle is zero, we mainly focus on the
zz component, which can clearly show the structure of the formation if the results are

good.

Figure 4.23. Structure of a dielectric tool.
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4.2.1 300 MHz Frequency Results for the Dielectric Tool

Figures 4.24 and 4.25 show the attenuation of the xx and zz components for the
300 MHz frequency. Figures 4.26 and 4.27 show the phase shift of the xx and zz
components for the 300 MHz frequency.

Considering that the layers are very thin, oscillations occur at the edge of each
layer for attenuation and phase shift. For the layer with bigger width, the amplitude will
also be bigger than for the others.

Based on the results, the 8-inch layer has the largest width and the 1-inch layer
has the smallest width.

From these results, the information of the formation is illustrated. Three thin

layers are identified.
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Figure 4.24. Attenuation of the xx component when frequency is 300 MHz.
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Figure 4.25. Attenuation of the zz component when frequency is 300 MHz.
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Figure 4.26. Phase shift of the xx component when frequency is 300 MHz.
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Figure 4.27. Phase shift of the zz component when frequency is 300 MHz.
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4.2.2 400 MHz Frequency Results for the Dielectric Tool

Figures 4.28 and 4.29 show the attenuation of the xx and zz components for the
400 MHz frequency. Figures 4.30 and 4.31 show the phase shift of the xx and zz
components for the 400 MHz frequency.

Considering that the layers are very thin, oscillations occur at the edge of each
layer for the attenuation and phase shift. As frequency increases, the oscillation parts
clearly occur. This phenomenon is caused by the fact that increasing frequency also
increases the amplitude.

The phase shift of the xx component in the 8-inch layer changed its direction from
negative to positive. However, its amplitude is also the highest among the three layers.
The amplitude of the 1-inch layer is the smallest of the three layers for both attenuation
and phase shift.

At this frequency, this simulation method can also calculate results with accuracy
and fast speed. Thus, we will use a higher frequency to check the frequency limitation of

this simulation method. The next part shows the 600 MHz frequency results.
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Figure 4.28. Attenuation of the xx component when frequency is 400 MHz.
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Figure 4.29. Attenuation of the zz component when frequency is 400 MHz.
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Figure 4.30. Phase shift of the xx component when frequency is 400 MHz.
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Figure 4.31. Phase shift of the zz component when frequency is 400 MHz.
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4.2.3 600 MHz Frequency Results for the Dielectric Tool

Figures 4.32 and 4.33 show the attenuation of the xx and zz components for the
600 MHz frequency. Figures 4.34 and 4.35 show the phase shift of the xx and zz
components for the 600 MHz frequency.

The oscillation parts occur more clearly than for frequencies lower than 600 MHz.
For the attenuation of the xx and zz components, all the amplitudes for the three layers are
higher than the 300 MHz and 400 MHz frequency results. The phase shift of the xx and zz
components does not have this property.

The phase shift of the zz component can obtain a slightly unclear structure of the
formation. However, we can identify the difference between the 8-inch layer and the
4-inch layer. The amplitude of the 8-inch layer is also the highest among the three layers.

All these results for 600 MHz are good.
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Figure 4.32. Attenuation of the xx component when frequency is 600 MHz.
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Figure 4.33. Attenuation of the zz component when frequency is 600 MHz.
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Figure 4.34. Phase shift of the xx component when frequency is 600 MHz.
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Figure 4.35. Phase shift of the zz component when frequency is 600 MHz.
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4.2.4 700 MHz Frequency Results for the Dielectric Tool

Figures 4.36 and 4.37 show the attenuation of the xx and zz components for the
700 MHz frequency. Figures 4.38 and 4.39 show the phase shift of the xx and zz
components for the 700 MHz frequency.

The oscillation parts occur more clearly than before. For the attenuation of the xx
and zz components, all of the amplitudes for the three layers are higher than the 300 MHz,
400 MHz, and 600 MHz frequency results. The phase shift of the xx and zz components
does not have this property.

The phase shift of the zz components is even worse than the 600 MHz frequency
results. The amplitude for each layer is almost the same. However, we can identify the
difference from the width of each layer. We can still obtain the structure of the formation

from all the results.
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Figure 4.36. Attenuation of the xx component when frequency is 700 MHz.
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Figure 4.37. Attenuation of the zz component when frequency is 700 MHz.
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Figure 4.38. Phase shift of the xx component when frequency is 700 MHz.
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Figure 4.39. Phase shift of the zz component when frequency is 700 MHz.
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4.2.5 800 MHz Frequency Results for the Dielectric Tool

Figures 4.40 and 4.41 show the attenuation of the xx and zz components for the
800 MHz frequency. Figures 4.42 and 4.43 show the phase shift of the xx and zz
components for the 800 MHz frequency.

The oscillation parts occur more clearly than before. For the attenuation of the xx
and zz components, all the amplitudes for the three layers are higher than before.

From all the results, we can clearly identify the structure of the formation. The
results from the 800 MHz frequency are excellent. This simulation method can handle

such a high frequency. We have to conduct more tests to check the frequency limitation.
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Figure 4.40. Attenuation of the xx component when frequency is 800 MHz.
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Figure 4.41. Attenuation of the zz component when frequency is 800 MHz.
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Figure 4.42. Phase shift of the xx component when frequency is 800 MHz.
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Figure 4.43. Phase shift of the zz component when frequency is 800 MHz.

4.2.6 900 MHz Frequency Results for the Dielectric Tool

Figures 4.44 and 4.45 show the attenuation of the xx and zz components for the
900 MHz frequency. Figures 4.46 and 4.47 show the phase shift of the xx and zz
components for the 900 MHz frequency.

The oscillation parts occur more clearly than before. For the attenuation of xx and
zz components, all the amplitudes for the three layers are higher than before.

The attenuation of the xx and zz components shows clear results of the structure of
the formation. However, the phase shift of the xx component does not match the structure
of the formation. From the result for the phase shift of the xx component, identifying the

difference between a 4-inch thin layer and a 1-inch thin layer is difficult. The amplitudes
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of the 4 and 1-inch layers are almost the same. The width of the 4-inch layer is slightly

larger than that of the 1-inch layer, but it is unclear.
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Figure 4.44. Attenuation of the xx component when frequency is 900 MHz.

58



-10F .

451 i

20k i

AttenuationZZ{dB)

301 .

_35 1 1 1 1 1 1 1 1
-10 -5 0 5 10 15 20 25 30 35

Depth(ft)

Figure 4.45. Attenuation of the zz component when frequency is 900 MHz.
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Figure 4.46. Phase shift of the xx component when frequency is 900 MHz.
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Figure 4.47. Phase shift of the zz component when frequency is 900 MHz.

4.2.7 1 GHz Frequency Results for the Dielectric Tool

Figures 4.48 and 4.49 show the attenuation of the xx and zz components for the 1
GHz frequency. Figures 4.50 and 4.51 show the phase shift of the xx and zz components
for the 1 GHz frequency.

For such a high frequency, the attenuation of the xx and zz components can reflect
the structure of the formation. However, the phase shift of the xx and zz components
cannot reflect the structure of the formation. The phase shift of the xx component appears
the same for the 8, 4, and 1-inch layers, but we can identify the difference from the width

of the result. The phase shift of the zz component cannot identify the structure of the
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formation, and the amplitude of the 8-inch layer is lower than that of the 4-inch layer.

This result is therefore bad.
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Figure 4.48. Attenuation of the xx component when frequency is 1 GHz.
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Figure 4.49. Attenuation of the zz component when frequency is 1 GHz.
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Figure 4.50. Phase shift of the xx component when frequency is 1 GHz.
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Figure 4.51. Phase shift of the zz component when frequency is 1 GHz.
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4.3 Summary

All results show that at frequencies lower than 900 MHz, this simulation method
can simulate a seven-layer formation with three thin layers with accuracy and fast speed.
For frequencies higher than 900 MHz, some parts of the results show several errors, but
we can still obtain the structure of the formation from the attenuation of the xx and zz
components.

Therefore, the frequency limitation of this simulation is 900 MHz for accurate
values. Higher frequencies require more filter weights for the fast Hankel transform

method to calculate the infinite integral of the highly oscillatory Bessel function.
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Chapter 5 Conclusion and Future Work

The simulation method in this thesis can handle the simulation for triaxial
induction tools in a 1-D multi-layered transverse isotropic formation with fast speed and
accuracy. Given that triaxial induction tools do not require extremely high frequencies,
al00 MHz frequency is sufficient.

However for dielectric tools, which require high frequencies even up to 1 GHz,
the simulation for a 1-D multi-layered transverse isotropic formation using this
simulation method will not calculate results with accuracy.

Three properties can determine whether the results are good or not.

1. For good results, the amplitude of the same layer should increase as frequency

increase.

2. For three different layers in the same frequency, the amplitude should

decrease as the width of the layer decreases.

3. As the width of the layer decreases, the resulting width of each layer also

decreases.
With these three properties, we can easily obtain the frequency limitation of the
simulation method for dielectric tools.

From all the results obtained at different frequencies and tool spaces, the

following conclusions can be drawn: First, when the frequency is low, the results from
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the simulation are very good. Thus, the formation can be accurately identified from the
results. Second, if the frequency is high, such as 1 GHz, the results will not show accurate
values but can show the structure of the formation. The reason for the error at high
frequencies is because in the fast Hankel transform method, the filter weights are
insufficient in handling the highly oscillatory Bessel function.

The next step for this project is to calculate more filter weights using the fast
Hankel transform method. Thereafter, this simulation method can simulate dielectric

tools with accuracy and fast speed.
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Appendix |. Derivation of Hertz Vector Potential
Multiple Layer Formation

I.1 x-directed Magnetic Dipole

A horizontally oriented magnetic dipole M = (My, 0, 0)" is assumed. According to

Equation (2), we can obtain two new scalar equations as follows:

1

Vig, +Km, = 7 M, (A1)
and
Vir, +kim =(1—/12)% (A.2)
P ozox’ '
here vz =[O 0" 10 ) and KE =iwuo
where V2 = 6x2+ay2 g ,and K, =100,

In order to get the solution of Equation (A.1), we first consider the homogeneous
equation with zero on the right-hand sides:
Viz +klr, =0, (A3)

The Hertz potential 7, can be expressed as

n = I: F(2)ad,(ap)da. (A.4)
2 2 2 2
Since Virz, = 4 72* + 4 72* azﬁ , we first derive 7z2'X ,and
OX oy* Aoz’ OX
_j F(2)a 4)d (A.5)
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It is easy to get

*Jy(ap)  adi(ap) s 2ax*J,(ap)  a’x*3y(ap)
- ) ,

ox? P o P

Then we derive

o°x, Joo _aJl(ap)_l_ZaXle(ap) a’x?
ox> 0

P p

- .0
Similarly, we obtain ayﬁx as

2

Therefore,

2 2y2
Vir +kim, = {— aJl/()ap) § 2 j;g(ap) - ap)z( 3o (ap)
(

2,,2

3 Y 0(ap)

_aX F(2)da.
)L o)t

oF(2)da +

aF(z)da +

J-oo{_a\]l ap)+2ay2Jl(ap) a’y’ |
0 p p p

OZF(Z)

= [} (-’ +K)) 3 (@p)aF (da+ [ %

j(fF() o°F ()ja.}(p)da
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Jo(ap)da + kfj: F(z)ad,(ap)da

——>al,(ap)da

(A.6)

(A7)

(A.8)

(A.9)

(A.10)



Then we obtain

Mx -&Az &z
F(z):4M(pe Qe ). (A.11)

X

We consider the constant number for convenience of expression. The

L.
solution of Equation (A.3) is in the form
7, =, [ (Pe*'*+Qe" " )ad (ap)da A12
X9 _472_1 0 0 p ’ ( . )

where 7, . represents a general solution.

The particular solution of Equation (A.1) is well known:

M eikVS M © 1 - 1‘172 ‘
T, =— =—>2| —e ™" " al,(ap)da. A.13
i i £ o(@p) (A13)

The final solution of Equation (A.1) is found to be

M =1 - z-1 &z z
Ty = Tg + 0y = 4”2 IO (f_e SAnl | peradz Qe ]O’J o(ap)da . (A.14)

Next, let us see how to solve Equation (A.2),

O (7 g + 71y o', o*m,
v2n2+k§n1=(1—/12)% :(1—,12)?8)(%(1—12)?8;. (A.15)

Now we rewrite Equation (A.15) into two independent Equations as follows:

o’r
2 2 _ 2 X9
Vir,, tkim,, —(1—/1 )—Gzax (A.16)
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and

82

2 2 2
Vz,, +kim, , = (1- A7) =2 azax (A.17)
Note: The solution of Equation (A.15) should be the sum of 7, ., 7.
First, we solve for 7, . Let
XM e 0 M, =E(2)
7, ,=——=| E(@)(ap)da=———"2| —=J,(ap)da. A.18
g p4ﬂ' 0 ()l( p) ax4ﬂjo a 0( p) ( )

Then we know

7y O M, I E(z) 8°J, (ap)

5 kg e @
8 M aXZ 2X3 ’ (A.lg)
= E(Z)L} (ap)+ = Jo(ap)—FJl(ap)}da
0 “ 0%]
ﬂ;'g :_ﬁﬂ-" E(2) O(Z‘J‘P)da
oy oX4r ' « oy
oM 1 5 oy , and (A.20)
=——=| E(z)] = + 2 —=1J do
X 4z Jo (){p :(ap) e o(ap)- > (ap)}
o'z oM, = 0’E@) |
= do . A21
oz? OX 47zj adz? 0(0['0) “ ( )
Therefore,
oM, E(z) d’E(2)
Vi, +kir, = X dn _[ [—fh o(ap)— g Jo(ap)}da . (A.22)

We can derive
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2

0 7y, 0 Mx ® Ry A
(1—12)82—8;:(1—12)&mj0 (£4Pe™" +£,4Qe™ Jad o (ap)dar . (A.23)

Since

S| F2 e e puapia =) S [ (P e e i
(A.24)
then we obtain a new equation for E(z) as follows:
d szzgz) _E(@)E =(1-22)(Pe 7 — Qe ) . (A.25)
The solution of the Equation (A.25) is in the form
E(z) =Se ™ +Te** + E*(2) . (A.26)

E*(z) IS the specific solution of E(z). We apply the constant variation method to obtain

E*(z). Let
E*(z) =S(2)e ™™ +T(z)e™". (A.27)
Then S(z),T(z) should satisfy these linear equations:
S (2)e " +T (z)e™* =0 (A.28)
and
S'(2)(-&,)e " +T ()&, =(1-2)(Pe ™" —Qe™* )&’ (A.29)

Then we obtain
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S(z) =

(1_ ﬂz)azf\, |: Pefgvgughz Qegvlhghz :|
26, - A+SG  SA+E,

1— 12 2
e s )

and

1-1%)a? —&A2=5y2 42142
T(z):( )a’s, [ pe Qe

2§h _‘fv/l_‘fh gvﬂ’_é:h

1 _ 12 2 '
Z—zfs T )Zj jLPe (G4 5) Qe (624

Since

(1—/12)052 (1—/12)a2
&-&A (a® k) (a® k)22
(1—22)052
(a2 —azﬂ,z)—(khz —kvzﬂ,z) ’
(1—/12)052
(o —a®2) (K —k?)
1

therefore

5(2) - —f—é[PeW (E2+8)-Qe"5 (<g.24)]

and

T (Z) _ Zg_g[pe—ffviuéhz (5\,/1 _ é:h ) _ Qeﬁviz+§hz (_5\1/1 B ‘é:h )} .

h

Then E*(z) Is
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(A.31)

(A.32)

(A.33)

(A.34)



E*(2) =S(2)e ™ +T (2)e™ =&, [-Pe # + Qe |. (A.35)
The solution of the Equation (A.25) is in the form:
E(z) =Se " +Te +&, [ -Pe ™% +Qe™* |. (A.36)

Therefore, it is known

7., :%T_;j:[Seéhz L+ Ted +§V(—Pe’fm +Qemzﬂ J,(ap)da . (A.37)

Next, we need to derive 7, . Let
X M

oM, (+C)

T, =—— "C(2)d,(ap)da = ———= Jy(ap)da . A.38
Y ,047[[0 ()1( p) 8)(47["‘0 a 0( p) ( )
Similarly, we get
oM, = d?C(2) |J, (ap
VT, K, = [, {C(z)éﬁ— o } °(a ) da (A.39)

and

or M, ¢=|2=25| _sio-

LTI R i L A da. A.40

oz 4r J.O z-1, @ o(ap)da (A.40)

It is known that

oM, (= d?C(z) | I, (ap) o M, (=|z2=25| oy
——x["| C(z2)&? - 2 do = ———= [TE_"tlgadienlg g do . (A41
oX 4 -[0[ @)~ =47 } o 0 xdan -fO z-1, ao(ap)da - (A41)

A new equation is thus obtained as
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2 J—
TCE) _c(g)e - (22 —1)—|Z o g-esinigr, (A.42)
dz =1,

Similarly, we apply the constant variance method to getC(z), as follows:

1—-1
C(2) = Aeiisl 4 pesi-sl 1270l e (A.43)
z-1,

Then we choose A:u, B=0 according to the boundary conditions of the

homogenous formation.

The particular solution is in the form:

Z- -2 £ 22
T p4,,fo |Z_ °|( el _gadwd) g, (ap)da (A44)

The final solution is

X M,

T, =—

p Arn :[Se_fhz +Te" +&,(—Pe % +Qe™* )} Ji(ap)da+
(A.45)

,0 A Jo |§: 0|( e M‘Zizo‘)‘]l(ap)da

1.2 y-directed Magnetic Dipole

For an x-directed dipole, the Hertz vector potential can be similarly obtained as

M ©f 1 -&A|z-14 z z
7y = 472';,'[ (§ € | ‘+Pe i _'_Qeéi j”‘]o(ap)da (A46)

and
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7, = y &J.:[Sefnl +Teb? +¢&, (_Pe’évﬂ -|-Qe§V;LZ ):| J; (ap)da +

;47r

lﬂj-oo |Z — ZO| (e_gh\z—zo\ _ e—évl\Z—Zo‘ ) ‘]1 (ap) da

p Ar 0 7-1,

1.3 z-directed Magnetic Dipole

(A.47)

A horizontally oriented magnetic dipole M = (0, 0, M,)" is assumed. According to

Equation (2),

Ver, +kim, =-M

7"

First, consider the first equation with zero on the right-hand side,

Vzﬂ'z'g + khzzzz'g =0.
If we assume 7, inthe form
Ty :'[0 D(z)ad, (ap)da,
Equation (A.51) is easily obtained as

D(z) = Fe ™" +Ge™*

The general solution 7, , is shown as

Ty g = J-:( Fe ™ +Ge* )aJO (ap)da.

Since we have known that
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(A51)
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M eika M w1 T
=1 =—%X| —e*""ald (ap)da, A.53
s i) g o(@p) (A-33)

It is easy to get the final solution of Equation (A.48) as

_ MX » 1 ~& 22 &z éh
e jo (é—ve +Fe 9 +Ge™ o (ap)da - (A.54)
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