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ABSTRACT

In a companion publication, we developed and successfully tested a new linear iterative
refinement method to rapidly simulate borehole nuclear measurements acquired in vertical wells.
The approximation considered two-dimensional (2D) spatial properties of Monte Carlo-derived
flux sensitivity functions (FSFs) to simulate neutron and density measurements. This paper
implements the linear iterative refinement method with explicit three-dimensional (3D) spatial
properties of FSFs to approximate nuclear borehole measurements acquired in high-angle and
horizontal (HA/HZ) wells. We use generic neutron and density tools that are close to commercial
tool designs to construct 3D FSFs in the proximity of a bed boundary between layers of
contrasting petrophysical properties. Likewise, to benchmark the approximation we consider
adjacent layers of 5% and 30% porosity water-saturated sandstones. For the case of neutron
measurements, variations of azimuthal geometric factors are as large as 20 and 57 degrees for the
near and far detectors, respectively. Variations of radial length of investigation (J-factors) are as
large as 3.61 cm for both near and far detectors. For the case of density measurements, both
radial and azimuthal geometric factors are approximately invariant. Linear iterative refinement
approximations yield errors in the simulated neutron porosity ranging from 1.6% to 4.3% with

respect to Monte Carlo-simulated logs in wells deviated from 60 to 85 degrees from the vertical.



INTRODUCTION

A companion publication (Mendoza et al., 2009) introduced an iterative refinement method to
approximate borehole nuclear measurements in vertical wells based on the concept of flux
sensitivity functions (FSFs). This paper implements the same approximation to simulate neutron
and density measurements acquired in HA/HZ wells. Specifically, we incorporate the 3D (radial,
vertical and azimuthal) spatial properties of FSFs to simulate measurement across horizontal
layers penetrated by deviated wells. Results are compared to Monte Carlo simulations performed
with MCNP (X-5 Monte Carlo Team, 2003) to assess the reliability and accuracy of the iterative

refinement method in the presence of 3D variations of formations properties.

Previous numerical simulation work indicates that neutron and density measurements can be
difficult to interpret in deviated wells because of the influence of adjacent layers of large
contrasts of petrophysical properties. For instance, Ellis and Chiaramonte (2000) concluded that
the difference in radial length of investigation between compensated neutron and density
measurements may lead to abnormal responses such as a false apparent-gas effect (cross-over
between neutron and density logs) in the proximity of a thin bed of high hydrogen index.
Furthermore, Monte Carlo simulations of density measurements acquired in HA/HZ wells
indicate that there could be significant differences between single-detector and compensated
density measurements in the diagnosis of bed boundaries and for dip-angle estimation (Radtke, et
al., 2006; Uzoh, et al., 2007; Badruzzaman et al., 2007; Guo, et at., 2008). Numerical simulations
of density measurements also suggest modified compensation techniques in HA/HZ wells (Yin,

et al., 2008; Uzoh et al., 2008). Our focus is on the development of fast and accurate simulation



techniques of nuclear measurements acquired across laminated formations penetrated by HA/HZ

wells.

Because nuclear-log simulations in HA/HZ wells entail large computational requirements, a fast
and reliable simulator is essential for quantitative, combined interpretation of neutron and
density measurements, as well as for estimation of petrophysical properties. Conventional
compensation algorithms of nuclear borehole measurements were designed for vertical wells. An
efficient and accurate modeling method of nuclear logs can be valuable in the design of new
post-processing techniques that are appropriate for measurements acquired in HA/HZ wells.
Numerical inversion of neutron and density measurements into layer-by-layer properties has not
been implemented before because of the lack of fast simulation methods. The objective of this
paper is to validate the efficiency and accuracy of the previously developed linear iterative
refinement method for simulation of borehole nuclear measurements acquired in highly-deviated

wells.

At the outset, we simulate neutron-porosity measurements at an interface between two layers of
high contrasting petrophysical properties for a range of well inclination angles. Subsequently, for
the case of neutron simulations, we consider a multi-layer model of high contrasts of
petrophysical properties penetrated by wells deviated 60, 75, and 85 degrees from the vertical.
For the case of density, we simulate measurements in vertical and 75-degree deviated wells. The
multi-layer model includes water- and gas-saturated formations of contrasting porosities bounded
by shale shoulder beds. For the numerical simulations reported in this paper we use and describe

generic neutron and density tool models that are close to commercial tool configurations.



METHOD

We use the Monte Carlo code MCNP to calculate neutron and density FSFs for base cases of
homogeneous formations (which include the borehole and the tool, Mendoza, et al., 2009).
Simulations explicitly consider the 3D spatial distribution of the flux that contributes to detector
count rate. Starting with a set of pre-calculated 3D FSFs, we construct a library that spans a
wide range of porosity-matrix-fluid mixtures (base cases). Subsequently, we incorporate the 3D
spatial capabilities of FSFs in the linear iterative refinement method (fixed-point iterations,
Mendoza et al., 2009) to approximate neutron and density borehole measurements acquired in
HA/HZ wells. We use MCNP simulations as benchmark to appraise the reliability of the

approximations.

Figure 1 is a flowchart of the linear iterative method implemented to approximate neutron and
density porosity logs. Firstly, the procedure selects a FSF that corresponds to an assumed base-
case (constant migration length, Ly, or bulk density, o, for neutron or density, respectively).
Secondly, we weight the spatial distribution of the nuclear sensitivity parameter (AL, or Ap, for
neutron or density, respectively) with the FSF for the assumed base-case formation (FSFg) to
approximate the change of detector response (AN) via the fist-order Born approximation
(Mendoza et al., 2009). Sensitivity parameters are spatial variations of formation properties with

respect to those of the assumed base case (i.e., AL, =L ;—-L, andAp= 0, — ). A third step

updates the value of the initially-assumed base-case parameter based on AL, or Ap for neutron or

density, respectively. A new FSFg that corresponds to the updated parameter is used to



approximate a new value of AN. The iterative refinement technique updates base-case FSFs, each
with its corresponding 3D properties. In turn, each fixed-point iteration uses the 3D properties of
the current single FSFg in the approximation of the measurements. The fixed-point iterative
method is repeated at each depth sample point until AN is within a tolerance minimum value
(AL,<0.01 cm or Ap< 0.01 g/cm?® for neutron or density, respectively). In most cases, two to
three iterations are sufficient to achieve convergence and advance to the next depth point.
Because migration length and density of materials are not necessarily correlated, we implement
the neutron and density linear iterative refinements separately. Experience shows that, based on
all the intermediate numerical approximations invoked by our method, and based on extensive
numerical testing with extreme cases, we have yet to find a case where the fixed-point iteration
fails to convergence (i.e. a case wherein results fluctuate with no accumulation point). The
algorithm does not account for false convergence. However, false convergence was never
experienced with extensive numerical experiments. We implemented the iterative refinement
technique on MATLAB with the purpose is to explore the concept and appraise the accuracy and
reliability of the results. Other computational platforms may result in speed and efficiency
variations of the simulation technique; however, accuracy and convergence should remain

invariant.

BED BOUNDARY EFFECTS ON FSFs IN HA/HZ WELLS
Variations of formation density are small relative to contrasts of formation energy cross-section.
For this reason, the spatial distribution of the flux that eventually contributes to detector count

rate is nearly invariant to variations of formation density. Hence, in the absence of borehole



environmental effects (i.e., mudcake or tool standoff), density FSFs of a particular tool remain
nearly invariant to perturbations of formation density (Mendoza et al., 2009). For different tool
designs, the FSFs would be different, but still invariant to variations of formation properties.
This limited sensitivity of density FSFs to variations of formation density indicates that a small
set of base cases would be necessary to secure reliable approximations of density measurements
in non-homogeneous formations. Conversely, neutron measurements can be significantly
affected by variations of formation properties. Contrasts of migration length relative to variations
of energy cross-section (due to variations of formation rock-fluid mixtures) can be large and
nonlinear. Moreover, the dependence of neutron FSFs on formation properties indicates that
limits of measurement resolution can change across bed boundaries. Substantial differences
between the volume of investigation of neutron and density measurements may also bias the
estimation of porosity via the combined interpretation of neutron-density measurements acquired

in laminated sequences penetrated by HA/HZ wells.

Figure 2 shows section views (radial and azimuthal) of the volume of investigation of neutron
and density measurements in high- and low-porosity formations. Although the 2D neutron
volume of investigation (axially-integrated FSF) shows favorable spatial sensitivity near the
location of the tool and radially away from the wellbore, flux sensitivity also extends around the
perimeter of the borehole. Figure 2 (a) shows that the volume of investigation of neutron
measurements expands in low porosity (larger L) formations. By contrast, Figure 2 (b) shows
that the density flux sensitivity is spatially focused near the tool and is nearly invariant to

contrasts of formation density.



The proximity of an adjacent bed in HA/HZ wells can have a measurable effect on the neutron
radial length of investigation (radial geometric factor) referred to as J-factor (Sherman and
Locke, 1975), as well as on vertical and azimuthal geometric factors. To appraise the effect of
adjacent layers of contrasting petrophysical properties (i.e. migration length, L) on neutron
geometrical response factors, we consider the case of a single measurement point at a bed-
boundary intersection in HA/HZ wells. We construct 3D FSFs of the near and far detectors of a
neutron tool pressed against the bottom side of an 8-inch borehole. Simulations consider the case
of a boundary between two layers of 5% and 30% porosity water-saturated sandstones (L, =
24.07 cm and Ly, = 13.03 cm, respectively) penetrated by wells with inclination angles ranging
from 45 to 90 degrees from the vertical. In addition, simulations consider depth matching of the

near and far detectors at the intersection between the bed boundary and the axis of the borehole.

Figure 3 shows the case of a well deviated 65 degrees from the vertical and the case of a
horizontal well (90 degrees from the vertical) where the location of the low porosity layer is in
close proximity to the neutron tool (top layer). Figure 4 shows a quantitative summary of the
spatial (radial and azimuthal) variations of neutron FSFs as functions of well inclination. Table 1
shows that for this particular location of bed boundary with respect to the axis of the borehole,
and when the low porosity layer is in close proximity to the measurement point, changes in radial
length of investigation are as large as 3.6 cm and 2.76 cm for near and far detectors, respectively
at 90% of the response. For the same situation, azimuthal response variations are as large as 20
and 57 degrees for the near and far detectors, respectively. Similarly, for the reverse order of
porosities (high porosity layer in close proximity to the measuring tool) and 90% of the response,

J-factor variations are as large as 4.45 and 4.85 cm for the near and far detectors, respectively.



Azimuthal response variations are as large as 4.5 and 15.5 degrees (Table 2).

Figure 5 confirms that adjacent layers with high contrasts of migration length, L, (high contrasts
of hydrogen index) can have a significant impact on the neutron volume of investigation due to
streaming of neutrons through beds of longer L, (Ellis and Singer, 2007). In addition to J-factor
variations of neutron measurements, Figures 2 and 5 indicate significant perturbations in the
azimuthal geometric factor due to contrasts of formation migration length. Consequently, a 2D
approximation would not be sufficient to accurately simulate of neutron-porosity logs acquired in
HA/HZ wells. To account for simultaneous variations of formation properties in the radial,
vertical, and azimuthal directions, we implement 3D FSFs in the linear iterative refinement

approximation of neutron measurements acquired in HA/HZ wells.

RESULTS AND DISCUSSION
This section describes examples of the simulation of neutron and density measurements with the

approximations described above.

Neutron Measurements. As a starting point, we use MCNP to simulate neutron-porosity
measurements acquired with a tool pressed against the bottom side of an 8-inch borehole that
intersects a horizontal boundary between two layers of water-saturated sandstone of 5% and 30%
porosity (Figure 3). Neutron-porosity simulations consider a single depth point (at the borehole
intersection with a bed boundary) and borehole inclination angles ranging from 45 to 90 degrees.
Subsequently, we implement the linear iterative refinement method described in the previous

section for the rapid approximation of neutron measurements in the same formation-borehole



geometries.

A first set of results considers the case in which the low-porosity layer is closest to the borehole
and a second set considers the reverse order of porosities. Figure 6 shows that when the low-
porosity layer is closest to the borehole, approximations match MCNP simulations with a
maximum difference of 1% porosity for the case of the 85-degree well. The reverse order of
porosities yields a maximum difference of 2% porosity between approximations and MCNP
simulations. These results were obtained for the particular case of a bed boundary between layers
of 5% and 30% porosity sandstone intersecting the borehole at the same point in vertical depth.
The precision of the approximated neutron porosity will differ with different contrasts of
petrophysical properties of layers, and with different depths of intersection between the borehole
axis and the bed boundary. However, the agreement between the MCNP-simulated neutron
porosity and the rapid approximation in this case confirms that the azimuthal discretization of the
geometrical response functions (Appendix A) is sufficient to secure accurate simulations in

HA/HZ wells.

For the approximation of neutron porosity measurements, the FSF calculated in a homogeneous
formation is not an exact match of a FSF calculated in a perturbed formation. However, a FSFg
calculated in a particular homogeneous matrix-fluid mixture (base-case) approximates the 3D
spatial characteristics of a FSF corresponding to a non-homogeneous formation. The selection of
optimal FSFg by the linear iterative refinement method enables reliable approximations of

neutron and density measurements acquired in HA/HZ wells.



To appraise the accuracy of neutron-porosity simulations across layers penetrated by HA/HZ
wells, we consider a multi-layer case of large contrasts in petrophysical properties. Figure 7
compares the performance of the linear iterative approximations to MCNP simulations the multi-
layer case penetrated by vertical and deviated wells. The model consists of sandstone layers of
5% and 30% porosity bounded by shale shoulder beds. Sand beds are water-saturated in the
lower zone and gas-saturated in the upper zone. At the outset, we use MCNP to simulate neutron
porosity measurements for wells deviated 0, 60, 75, and 85 degrees from the vertical. Figure 7
shows that the 40.64-cm sandstone beds are thinner than the vertical resolution of the neutron
tool, and that increasing the angle of well inclination decreases shoulder-bed effects in the low-
porosity water sand at the bottom. However, shoulder-bed effects in the 40.64-cm, 30% porosity
water-saturated sand (third layer from the bottom), bounded at the bottom by a 5% porosity
water-saturated sand and at the top by a 30% gas-saturated sandstone, increase at higher angles
of well inclination. This effect is due to the preferential response of neutron measurements to
formations of longer migration length (low hydrogen-index) and the fact that the azimuthal
resolution of the measurement is affected by adjacent layers at high angles of well deviation
(Figure 5). Hence, in this particular situation the resolution of neutron measurements across a
thin high-porosity layer, bounded by beds of significantly lower hydrogen-index, decreases at
higher angles of well deviation. Figure 7 also shows similar geometrical and petrophysical
effects on neutron measurements simulated with the linear iterative refinement method on the

vertical and deviated well cases.

We now consider neutron measurements in the same multi-layer formation penetrated by HA/HZ

wells simulated with the linear iterative refinement approximation. Figure 8 compares the rapid

10



approximation of neutron measurements against MCNP simulations for the case of wells
deviated 60, 75 and 85 degrees from the vertical. The maximum difference between the two
simulation methods across the complete depth interval in the case of a 60-degree well is equal to
2.4% porosity, which corresponds to approximately 10% of the simulated neutron porosity value.
For the cases of 75- and 85-degree wells, the difference between MCNP and the fast simulations
is 4.3% and 4.1% porosity, respectively. For all the cases, the maximum error occurred at the
location of the high porosity (30%) water-saturated sand bounded by beds of long migration
length. In addition to the small thickness of sand beds, this example contemplates a situation of
extreme contrasts in layer properties. For more moderate contrasts of petrophysical properties of
layers or reduced shoulder-bed effects (thicker layers), the accuracy of the iterative refinement
simulation of neutron measurements improves. Table 3 summarizes the porosity differences and
required CPU time for both fast approximations and MCNP simulations to relative errors of less

than 0.1% of the count rate.

Density Measurements. We now consider shoulder-bed effects in HA/HZ wells for the case of
density measurements. Because of their more spatially focused azimuthal geometric factor
(compared to neutron measurements) and the fact that the spatial shape of the density FSFs is
nearly invariant with respect to changes of formation density, shoulder-bed effects decrease at
higher angles of well inclination. In addition to depth shifts of inflection points of density
measurements with respect to bed boundary locations, the resolution of the measurement
increases at higher angles of well inclination (Radtke et al., 2006, Mendoza et al., 2006, Uzoh et
al., 2007, Badruzzaman et al., 2007). For use as benchmark, we simulate density measurements

with MCNP across the multi-layer formation model considered for neutron simulations in
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HA/HZ wells. Figure 9 compares fast simulations of density measurements against MCNP-
simulated density logs in a vertical well and for the case of a 75-degree deviated well. Both
simulation methods of single-detector and compensated density exhibit a significant increase in
the resolution of formation layering. However, MCNP simulations include numerical uncertainty
due to the statistical characteristics of the Monte Carlo method, whereby differences between
MCNP simulations and rapid approximations include the relative error of Monte Carlo results.
For the case of the 75-degree deviated well, MCNP simulations required 653 hours of CPU time
for 98 sample points and two detectors. By contrast, the linear iterative refinement method

required 1.28 minutes of CPU time for 124 sample points and two detectors.

Combined Neutron and Density Measurements. Linear iterative refinement approximations can
be used for quantitative, combined interpretation of neutron and density logs in laminated
formations where differences in measurement resolution may result in unexpected responses
such as false, apparent gas effects (neutron-density log cross-over). Figure 10 is an example of
the simulation of neutron and density measurements over a long depth interval in vertical and
highly-deviated wells. These simulations incorporate the 3D spatial capabilities of the neutron
and density FSFs. Specifically, the performance of the 3D iterative refinement approximations
incorporates the effects of preferential paths of neutrons for low porosity formations (large
migration length and low hydrogen index) along the radial, axial, and azimuthal directions of the
borehole. Figure 10 shows an example of these 3D effects on the section between 60 m and 80 m
measured depth (MD) in the case of the inclined well. Because of the larger radial length of
investigation of neutron measurements, the estimated neutron porosity values differ from those

estimated from density measurements across the thinly-laminated interval. Simulated nuclear
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measurements across a similar depth interval would require several days of CPU time with

MCNP compared to 18 minutes with fast linear iterative refinement approximations.

CONCLUSIONS

We validated the linear iterative refinement method for the simulation of neutron and density
borehole measurements acquired in HA/HZ wells. The validation considered 3D flux sensitivity
functions of neutron and density measurements in the proximity of bed boundaries between
layers of large porosity contrasts penetrated by highly-deviated wells. Simulations provided
important insights to the response of nuclear measurements acquired in HA/HZ wells. They
confirmed that the volume of investigation (i.e., spatial resolution) of density measurements
remains nearly invariant to variations of formation properties. On the other hand, simulations
showed that the volume of investigation of neutron measurements significantly changes when
contrasting layers are nearly tangent to the borehole axis. We quantified these effects to appraise
the reliability of linear iterative refinement approximations of neutron and density measurements
in HA/HZ wells. To that end, we considered the case of a boundary between two layers of 5%
and 30% porosity water-saturated sandstones penetrated by wells of inclination angles ranging
from 45 to 90 degrees from the vertical. For one particular location of the bed boundary, at 90%
of the response, variations of radial and azimuthal lengths of investigation were as large as 4.85
cm and 57 degrees, respectively. For the same bed boundary location, variations of spatial
resolution of neutron measurements due to well inclination angle were different depending on

the relative location of the low porosity layer.
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We simulated neutron measurement across laminated sequences of large contrasts of formation
properties. Comparison of neutron approximations against MCNP simulations indicated
maximum porosity differences of 4.3% in horizontal wells. This maximum difference occurred
in simulations across a thin high-porosity (30%), water-saturated layer bounded by shoulder beds
of 5% porosity and 30% porosity gas-saturated sandstones. Such a situation represents an
extreme contrast of migration length. Simulations in wells with smaller inclination angles
improve with respect to MCNP results. More moderate contrasts of petrophysical properties
between adjacent layers also improve the accuracy of linear iterative refinement approximations

in HA/HZ wells.

Density measurements simulated across laminated sequences penetrated by HA/HZ wells
exhibited increased resolution with respect to vertical wells in measured depth. Simulations
considered a multi-layer model consisting of 40.64-cm thick layers. Both the axial resolution and
radial length of investigation of the measurements are adequate to estimate layer density values.
Linear iterative refinement approximations and MCNP simulations exhibited the same formation

geometrical effects on simulated density measurements acquired in HA/HZ wells.

The approximate numerical method described in this paper can be readily adapted to simulate
spontaneous gamma-ray measurements acquired in HA/HZ wells. Calculation of the
corresponding 3D FSFs for thorium, uranium, and potassium spectral gamma-ray measurements
is performed via MCNP with a procedure similar to that described in Appendix A. Appendix B
includes a brief description of the procedure and Figure B-1 compares simulations of

spontaneous gamma-ray measurements across horizontal layers penetrated by both a vertical
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well and a well deviated 70° from the vertical. Future work will include the implementation of

the rapid linear iterative refinement method in conjunction with inversion techniques for direct

estimation of layer-by-layer petrophysical properties. Additionally, a forthcoming publication

will include borehole environmental effects in the calculation of 3D FSF to simulate nuclear logs

acquired in HA/HZ wells via the linear iterative refinement method.

NOMENCLATURE

FSF  Flux sensitivity function [1/cm®-eV].

FSFs Flux sensitivity function for an assumed base-case background formation [1/cm3-eV].
HA  High-angle.

HZ  Horizontal.

L, Migration length [cm].

L Migration length of a homogeneous base-case formation [cm].

mB

MCNP Monte Carlo N-Particle Program.

AL

m

AN

Ap

LB

Migration length difference from a homogeneous formation base-case value of migration
length [cm].

Excess detector response [particles/cm?].

Density difference from a homogeneous formation base-case value of density [g/cm®].
Mass density [g/cm®].

Mass density of a homogeneous base-case formation [g/cm?].
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