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Featured Application

This work can provide guidance for the application of neutron gamma density technology
in gas-bearing formations and high-salinity formations.

Abstract

Neutron gamma density (NGD) logging, as a safer and more environmentally friendly
density logging method, has been applied in logging while drilling (LWD) for many years.
However, most NGD algorithms have low density sensitivity and exhibit significant er-
rors in the presence of gas and high-salinity water. To address the above issues, the ine-
lastic gamma information of the drill collar is simulated by the Monte Carlo method, and
its impact on NGD sensitivity and the results are studied. Using the drill-collar inelastic
gamma information, a new neutron gamma density algorithm is proposed. The study
shows that the drill-collar inelastic gamma information occupies a large proportion of the
total inelastic gamma count recorded by the detector, which reduces the sensitivity of the
NGD algorithms using the total inelastic gamma information. By eliminating the contri-
bution of the drill collar from the total inelastic gamma count, the density sensitivity of
the NGD algorithms can be significantly improved. In addition, the drill-collar inelastic
gamma information is closely related to high-energy fast neutrons and can be used to cor-
rect the fast neutron distribution in NGD logging. The new NGD algorithm, utilizing the
drill-collar inelastic gamma information, has excellent performance in the presence of gas
and high-salinity water. However, similar to the other algorithms, the new algorithm is
still affected by other environmental factors such as borehole, lithology, and shale. Fur-
thermore, this new algorithm does not require any additional modifications to existing
NGD tools and can work with other NGD algorithms.

Keywords: neutron gamma density; drill collar; inelastic gamma; density sensitivity;
gas-bearing formation; high-salinity water

1. Introduction

Traditional density logging employs Cs-137 chemical sources to measure formation
density. This method can not only harm the health of field personnel but may also cause
environmental pollution. Especially during LWD operations, the accidental downhole
loss of chemical sources may lead to severe ecological safety issues. In contrast, NGD log-
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ging utilizes a D-T source, significantly enhancing operational safety and environmental
friendliness while ensuring measurement accuracy [1-4]. With stringent safety require-
ments for radioactive logging, replacing chemical sources with controllable sources has
become an inevitable trend [5-8].

In the late 20th century, Odom and Wilson proposed the concept of NGD logging,
which used inelastic gamma information to calculate formation density [9-11]. However,
studies have shown that the generation and distribution of inelastic gamma rays are
closely related to neutron transport effects. Therefore, while using inelastic gamma infor-
mation as the main parameter for density calculation, it is also necessary to correct for the
fast neutron distribution [12-16]. According to different correction parameters, existing
NGD algorithms are divided into the NGD algorithm based on fast neutrons (FNGD), the
NGD algorithm based on captured gamma (CNGD), and the NGD algorithm based on
thermal neutrons/epithermal neutrons (TNGD).

The FNGD directly utilizes fast neutrons to correct the fast neutron distribution. The
measurement results of this algorithm are less affected by environmental factors [17-19].
However, existing detectors cannot effectively obtain information about high-energy fast
neutrons. This makes the FNGD difficult to apply in practical production. To address this
problem, existing NGD algorithms can only indirectly characterize fast neutrons using
capture gamma, epithermal neutrons, or thermal neutrons. The CNGD uses capture
gamma information to correct the fast neutron distribution [20]. The advantage of this
algorithm is the stability of the capture gamma count and the maturity of detection tech-
nology. Quirein used capture gamma information recorded by the PNC tool to correct the
fast neutron distribution of inelastic gamma, achieving more accurate density measure-
ments [21-23]. The TNGD utilizes epithermal or thermal neutrons to characterize fast neu-
trons. This is because both epithermal and thermal neutrons are formed after fast neutrons
are slowed down, and both types of particles can reflect the distribution characteristics of
fast neutrons in the formation. Schlumberger’s NeoScope instrument corrects the fast neu-
tron distribution by using a combination of thermal and epithermal neutron information
[24-28]. Both CNGD and TNGD can achieve density measurement. However, information
such as capture gamma and thermal neutrons only indirectly characterizes fast neutrons,
and this process will introduce the different environmental influences in the NGD results.
As a result, all the NGD algorithms except the FNGD exhibit obvious density measure-
ment errors in gas-bearing formations and high-salinity formations, failing to meet the
requirements of practical production applications. In addition, current NGD algorithms
directly use total inelastic gamma information for density calculation. However, the drill
collar also generates numerous inelastic gamma rays in LWD [29]. The detector records a
large amount of drill-collar inelastic gamma, reducing the proportion of formation infor-
mation and leading to a decrease in density sensitivity.

To address the above issues, this paper proposes a new neutron gamma density al-
gorithm based on drill-collar inelastic gamma information. Utilizing the numerical simu-
lation method, the characteristics of drill-collar inelastic gamma are studied. The NGD
sensitivity is improved by subtracting the drill-collar gamma information from the total
inelastic gamma count. Furthermore, by using drill-collar inelastic gamma to correct fast
neutron distribution, the poor performance in gas-bearing and high-salinity formations is
well resolved. In addition, other borehole and formation factors are also studied.

2. Method and Theory
2.1. Data Processing for the NGD Algorithms

The distribution of high-energy (1-14 MeV) fast neutrons in formation can be given
as follows [30]:
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where Z; is the high-energy fast-neutron-scattering cross-section, So is the neutron source
strength, and r is the distance from the source.

The distribution of gamma rays in the formation is described by the approximation
in Equation (2), which reduces the integral following ref. [31]:

s —u|r—R|dr
B @
T T

where Zir is the inelastic scattering cross-section, R is the distance from the detector to the

neutron source, p is the formation density, k is the gamma photon count for each inelastic
collision, & is a constant which is related to R, and uw is the mass attenuation coefficient.

Assuming the source distances of the NGD instrument are di and d2, Equation (3)
gives the mathematical relationship of inelastic gamma count ratio, formation density,
and high-energy fast-neutron-scattering cross-section:

N, d
mN_l :md_z —[d(-a&)-d,(1-)Z, ~[d,c; —d,or i, 3)

ir2 1
where Nin is the near detector count and Ni= is the far detector count.
Since d1, d2 and a1, a2 are constants, p can be expressed as
N,
p=AxIn—L+BxX +C (4)
ir2
where A, B, and C are calibration coefficients.

Based on the particle type used to characterize X, current NGD algorithms can be
divided into four categories: the FNGD, TNGD, ENGD, and CNGD algorithms. Table 1
shows several typical density algorithms and disadvantages for different NGD algorithms
[32].

Table 1. Different NGD algorithms.

Algorithm Particle Type Density Algorithm Disadvantage
N,
FNGD fast neutrons p=Axin-gt+ BxIn N, +C Difficult to detect high-energy fast neutrons
ir2
N N Thermal neutrons primarily reflect the hydrogen index;
TNGD thermal neutrons p=Axin_E 4 Bxint+C strongly distorted by the excavation effect in gas; also
ir2 2
sensitive to salinity
epithermal neu- N,
ENGD P p=Axin-=+ BxInN,, +C Susceptible to gas influence
trons i
v v Sensitive mainly to salinity (Cl has a large capture
CNGD capture gamma p=AxInCt+Bxin ) +C - cross-section that dominates the capture gamma); also

ir2 c2

affected in gas via thermal-neutron dependence

Here, Nris the fast neutron count; Nn and Ng are the thermal neutron count of near and far detectors;
Nei is the epithermal neutron count; and N« and Ne are the capture gamma count of near and far

detectors.

Among these algorithms, although the FENGD has good performance in gas-bearing
formations and high-salinity formations, the high-energy fast neutron is difficult to detect.
That is why the NGD tool with the FNGD is rare. As a result, common NGD tools must
adopt the TNGD, ENGD, and CNGD, which leads to significant density errors in the pres-
ence of gas and high-salinity water.

Density sensitivity is a very important index for density logging. High sensitivity
means that the NGD tool is more sensitive to changes in formation density and can pro-
vide more accurate density results. According to the density algorithms in Table 1, the
specific expression of the NGD sensitivity is shown in Equation (5):
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dp, ¥

where S is the normalized relative sensitivity, y is the inelastic gamma count ratio of each

algorithm, and p. is the calculated density. The absolute error is used to evaluate the ap-

plication effect of the NGD algorithms. The formula for calculating absolute error is

shown in Equation (6):

Ap:‘pu_ph‘ (6)

where Ap is the absolute error of density results, p» is the actual density, and p. is the
calculated density.

2.2. NGD Algorithm Using Drill-Collar Information

The drill collar occupies 90% of the borehole space, and its material has a high ine-
lastic scattering cross-section, which leads to the generation of numerous inelastic gamma
rays by the drill collar. The presence of drill-collar inelastic gamma rays reduces the pro-
portion of formation density information in the detector, thus decreasing the sensitivity
to formation density. Meanwhile, the production of drill-collar inelastic gamma rays is
closely related to fast neutrons and can be used for fast neutron distribution correction.
Therefore, studying the characteristics of drill-collar inelastic gamma information is of
great significance for improving the NGD algorithm.

2.2.1. Feasibility of Acquiring the Drill-Collar Inelastic Gamma Information

As we know, obtaining inelastic gamma information from the drill collar is a chal-
lenging task, and it demands energy-spectrum analysis techniques for elemental logging.

Fortunately, the newest NGD tool of Schlumberger makes this possible. The NGD
tool adopted a new design of a LaBrs short-spacing detector, which can provide high-
resolution energy-spectrum measurements, and it can obtain accurate formation element
information for correcting sourceless density. In the above study, the researchers clearly
stated that the new LaBrs-based spectroscopy measurement obviously reduces the uncer-
tainty of the iron dry weight (for the shale correction) by lowering the tool background
and its variability as a function of the environment. It was noted that the drill-collar
gamma information is nearly equivalent to the tool background in LWD. This means that
obtaining the drill-collar inelastic gamma information in the total gamma spectrum is
achievable by using current NGD technology.

2.2.2. Acquisition of the Drill-Collar Inelastic Gamma Information

To investigate the impact of the drill-collar inelastic gamma information on the NGD
algorithms, this study employs spectral analysis techniques to obtain this information [33-
35]:

YuX VX VX T Vi X = 2

YuXi F VX = V0 Xy T Vo Xt = 22

@)

Yy T Yo Xo = ¥V Xy F Vs Xt = 2,
where 1 is the number of channels of the inelastic gamma spectrum recorded by the tool;
m is the number of element types; y»m represents the probability distribution of the count
in the nth energy channel for the inelastic standard spectrum of the mth element; xu rep-
resents the yield of the mth element; and z» represents the count in the nth energy channel
for the total inelastic gamma spectrum.

2.2.3. New NGD Algorithm Based on Drill-Collar Information
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The proportion of formation density information is increased by subtracting the ef-
fect of the drill collar from the total inelastic count:

Ny =N, =N, (8)

where Nir is the formation inelastic gamma count; Nir is the total inelastic gamma count;
and Nin is the drill-collar inelastic gamma count.

The generation of the drill-collar inelastic gamma is closely related to high-energy
fast neutrons. The drill-collar inelastic gamma inherits the characteristics of fast neutrons,
and it can be used to correct the fast neutron distribution while being largely insensitive
to gas-bearing and high-salinity formations, in contrast to capture gamma or thermal neu-
trons, which are strongly affected by the excavation effect and the high capture cross-sec-
tion of chlorine. The relationship between Xs and drill-collar inelastic gamma can be given
by Equation (9):

z,=f(N,,) )

A new NGD algorithm is proposed by utilizing formation inelastic gamma, which
eliminates the influence of the drill collar to calculate density, and by introducing drill-
collar inelastic gamma for the fast neutron distribution correction. This new NGD algo-
rithm is called a new neutron gamma density algorithm based on drill-collar inelastic
gamma information (abbreviated as DNGD). Equation (10) demonstrates the specific form
of the new NGD algorithm.

p:Axln[Mj+Bxf(NM)+C (10)
Nia =Ny

Here, Nin is the total inelastic gamma count of the near detector, Ni2 is the total
inelastic gamma count of the far detector, Nini1 is the drill-collar inelastic gamma count of
the near detector, and Ni: is the drill-collar inelastic gamma count of the far detector.

3. Simulation and Data Processing
3.1. Monte Carlo Method

A numerical simulation model of the NGD logging tool was developed using the
Monte Carlo method. As shown in Figure 1, the model consists of a D-T neutron source,
two LaBrs gamma detectors, a drill collar, and the formation.

Both gamma detectors use LaBrs crystals, each 5.7 cm in diameter and 10 cm in length.
The gamma detectors are located at distances of 25 cm and 70 cm from the neutron source.
The reason for using the LaBrs detector is that it has a higher resolution than the Nal de-
tector. This allows the detector to more clearly identify the characteristic energy peaks of
the elements, which is very beneficial for obtaining drill-collar inelastic gamma infor-
mation. The drill collar is made of a non-magnetic steel, 19 cm in diameter, with a density
of 7.76 g/cm?; the tool housing is made of 17-4PH stainless steel, 0.5 cm thick, with a den-
sity of 7.78 g/cm?. The borehole size is 20 cm, and the borehole is filled with freshwater;
the formation is modeled as a water-saturated limestone with porosity ranging from 1%
to 40%.

Fast neutron information can be effectively recorded in numerical simulations. To
study the relationship between the drill-collar inelastic gamma and the fast neutrons, the
gamma detector can be replaced with a fast neutron detector to record fast neutron infor-
mation.

The simulation uses 6 x 108 source neutrons. The D-T neutron tube emits 14.1 MeV
neutrons with a pulse width of 20 ps and a period of 400 us. The recording time windows
are 0-20 ps for the fast neutrons and inelastic gamma and 30-400 ps for the capture
gamma. The energy ranges are 1-14.1 MeV for the fast neutrons and 0.01-8.5 MeV for the
gamma detectors, with 256 energy channels.
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Figure 1. Simulation model example.

3.2. Characteristics of the Drill-Collar Inelastic Gamma
3.2.1. Drill-Collar Inelastic Gamma Spectrum

Figure 2 shows two different inelastic gamma spectrums. Compared to the total ine-
lastic gamma spectrum, the drill-collar inelastic gamma spectrum has the following char-
acteristics: the absence of characteristic peaks of formation elements such as carbon, oxy-

gen, and calcium. It also exhibits inelastic characteristic peaks of metallic elements in the
energy range of 0.8 to 1.5 MeV.

1000

Total inelastic gamma
Drill-collar inelastic gamma

Inelastic gamma spectrum

0.001

T T T
0 2 4 6

Energy (MeV)

o -
S

Figure 2. Comparison of different inelastic gamma spectra.

3.2.2. The Effect of Drill-Collar Inelastic Gamma on NGD Algorithm

The drill-collar inelastic gamma count accounts for 48% to 72% of the total inelastic
gamma count. As shown in Figure 3, due to sufficient fast neutrons, the proportion of
drill-collar inelastic gamma by the near detector is high and stable. However, the number
of fast neutrons reaching the far detector is affected by formation porosity. Higher for-
mation porosity increases the ability of the formation to decelerate neutrons, resulting in

https://doi.org/10.3390/app16147028
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Inelastic gamma count ratio

150

fewer fast neutrons reaching the far detector. Therefore, the proportion of drill-collar ine-
lastic gamma at the far detector decreases with increasing porosity.

75

P

~
(=}
1

N
W
1

W
W
1

W
(=}
1

Proportion of drill-collar inelastic gamma (%)
3
1

B Near detector
® Far detector

B
W

0 10 20 30 40
Porosity (%)

Figure 3. Proportion of drill-collar inelastic gamma.

The presence of drill-collar inelastic gamma reduces the proportion of formation in-
formation and is a significant factor in the decrease in density sensitivity. To increase the
proportion of formation information, the formation inelastic gamma count can be ob-
tained by subtracting the influence of drill collar from the total inelastic gamma count.
The response laws of the formation inelastic gamma are shown in Figure 4a. The relative
sensitivity of the two inelastic gamma count ratios is calculated using Equation (5). The
calculation results are shown in Figure 4b. Traditional count ratios are almost insensitive
to density at the high-density end, while formation inelastic gamma count ratios remain
highly sensitive throughout the range.
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Figure 4. Comparison between the total inelastic gamma and the formation inelastic gamma. (a)
Variation in the inelastic gamma count ratio with density. (b) Comparison of the relative sensitivity

of the formation inelastic gamma and drill-collar inelastic gamma.

The high-energy fast neutron count is recorded by replacing the gamma detector
with a fast neutron detector. As shown in Figure 5, the recorded fast neutron count shows
a clear linear relationship with the drill-collar inelastic gamma count. Whether in gas-
bearing formations or high-salinity formations, the drill-collar inelastic gamma count can
also characterize fast neutron count.
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Figure 5. Relationship between drill-collar inelastic gamma count and fast neutron count.

Linear fitting was performed on the drill-collar inelastic gamma count and fast neu-
tron count, and the results are as follows:

N, =3256x10" N, ~2.03x10™ (11)

The linear fitting result, R2=0.9773, confirms a very strong linear correlation between
the two physical parameters. This demonstrates that the drill-collar inelastic gamma count
can characterize the fast neutron count.

3.3. Density Algorithm and Sensitivity Analysis

By the numerical simulation method, the simulation model can record inelastic
gamma information, captured gamma information, and fast neutron information. This
study presents a comparative study of the DNGD with the CNGD and FNGD. These NGD
algorithms are calibrated in freshwater-saturated limestone with different densities and
HI (hydrogen index). The formation is a water-saturated limestone. The formation HI is
set to 0.01, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35 and 0.40. For a constant formation HI, the
formation density is additionally varied in a small range (+0.20 g/cm?). The formation con-
ditions are listed in Table 2.

Table 2. Parameters of limestone with different densities and HI.

Limestone with Different Densities and HI

HI 0 (g/cm?3) 0 - 0.02 g/cm? 0 +0.02 g/cm?
0.01 2.6929 2.4929 2.8929
0.05 2.6245 2.4245 2.8245
0.10 2.5390 2.3390 2.7390
0.15 2.4535 2.2535 2.6535
0.20 2.3680 2.1680 2.5680
0.25 2.2825 2.0825 2.4825
0.30 2.1970 1.9970 2.3970
0.35 2.1115 1.9115 2.3115
0.40 2.0260 1.8260 2.2260

The results of the three NGD algorithms are shown in Figure 6. All algorithms show
good results in freshwater-saturated limestone.

https://doi.org/10.3390/app16147028
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Figure 6. Calculated density results for limestone with different densities and HI. (a) Results of
DNGD application in freshwater-saturated limestone. (b) Results of CNGD application in freshwa-
ter-saturated limestone. (c) Results of FNGD application in freshwater-saturated limestone.

The density algorithm for the DNGD is as follows:

N,, =N,
p= 0.86><1n£u)+4.23x1n]\[”d1 +38.50 (12)
—-N,
ir2 ird2
The density algorithm for the CNGD is as follows:
N, N,
p:1.17xln(¢1—0.56><h1—“J—2.88 (13)
ir2 c2
The density algorithm for the FNGD is as follows:
p:1.02xln%+1.65xlnN/.+28.73 (14)

ir2

Table 3 shows three NGD algorithms used for calculations on water-saturated lime-
stone with porosities of 1-40%. The DNGD exhibits the highest sensitivity throughout,
with S_DNGD = 1.37-2.38; the CNGD and FNGD are markedly lower, with S_CNGD =
0.006-0.77 and S_FNGD = 0.004-0.88. On average, the DNGD sensitivity is about 3 times
that of the CNGD and FNGD. Table 4 shows the density errors calculated in limestone
with different densities and HI, indicating that all NGD algorithms can eliminate the in-
fluence of HI.

Table 3. Normalized relative sensitivity of three NGD algorithms.
https://doi.org/10.3390/app16147028
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DNGD (g/cm?®) S_DNGD CNGD (g/cm?®) S_CNGD FNGD (g/cm?) S_FNGD

2.6791 2.3800 2.6886 0.0060 2.7089 0.0040

2.6393 1.8200 2.6349 0.1790 2.6318 0.1400

2.5646 1.6300 2.5568 0.4730 2.5404 0.4470

2.4622 1.6960 2.4597 0.6510 2.4476 0.6560

2.3657 1.7290 2.3759 0.6870 2.3620 0.7310

2.2798 1.7950 2.2797 0.7410 2.2793 0.8400

2.1921 1.7780 2.1909 0.7680 2.1988 0.8540

2.1218 1.5630 2.1104 0.7350 2.1266 0.8440

2.0409 1.3660 2.0252 0.7460 2.0534 0.8810

Table 4. Density errors calculated in limestone with different densities and HIL
Limestone with Different Densities and HI
HI Error (g/cm?3) HI Error (g/cm?3)

DNGD CNGD FNGD DNGD CNGD FNGD

0.01 0.0138 0.0043 0.0160 0.01 0.0319 0.0045 0.0438
0.05 0.0148 0.0104 0.0073 ] 0.0323 0.0180 0.0314
0.10 0.0256 0.0178 0.0014 0.10 0.0244 0.0141 0.0200
0.15 0.0087 0.0062 0.0059 ] 0.0228 0.0047 0.0403
0.20 0.0023 0.0079 0.0060 0.20 0.0026 0.0106 0.0003
0.25 0.0027 0.0028 0.0032 0.0180 0.0063 0.0338
0.30 0.0049 0.0061 0.0018 0.30 0.0100 0.0070 0.0093
0.35 0.0103 0.0011 0.0151 ] 0.0029 0.0040 0.0112
0.0062 0.0032 0.0239

0.40 0.0149 0.0009 0.0274 0.40 0.0054 0.0090 0.0113

3.4. Gas-Bearing Formations

The formation of the model is changed to limestone with porosities of 1% to 40%. The
pore fluid is a mixture of CHs and freshwater, and the CHa saturation is set at 60%, 80%,
and 100%. Figure 7 shows the application results of the NGD algorithms in gas-bearing
formations.
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Figure 7. Calculated density results for gas-bearing formations. (a) Results of the DNGD in gas-
bearing formations. (b) Results of the CNGD in gas-bearing formations. (c) Results of the FNGD in

gas-bearing formations.

As shown in Table 5, the DNGD and FNGD can accurately calculate density in gas-
bearing formations, while the CNGD has large density errors. Taking 40% limestone with
a gas saturation of 100% as an example, the density errors of the CNGD, DNGD, and
FNGD are 0.1123 g/cm?, 0.0345 g/cm3, and 0.0307 g/cm?. The reason for the density errors
in the CNGD is that fast neutrons and thermal neutrons have different response laws in
gas-bearing formations. Thermal neutrons have an excavation effect in gas-bearing for-
mations, while high-energy fast neutrons do not [36]. The production of capture gamma
rays is closely related to thermal neutrons. As a result, the NGD algorithms using the
capture gamma or thermal neutron information are all affected by the excavation effect in
gas-bearing formations.

Table 5. Density errors calculated in gas-bearing formations.

. Limestone + 60%CHa4 Limestone + 80%CHa Limestone + 100%CHs
Po:;s;lty Error (g/cm?) Error (g/cm?) Error (g/cm?)

° DNGD CNGD FNGD DNGD CNGD FNGD DNGD CNGD FNGD
1 0.0108 0.0094 0.0137 0.0107 0.0055 0.0171 0.0045 0.0098 0.0149
0.0059 0.0090 0.0189 0.0028 0.0029 0.0190 0.0216 0.0097 0.0298

10 0.0046 0.0042 0.0102 0.0037 0.0034 0.0136 0.0046 0.0040 0.0229
15 0.0122 0.0053 0.0087 0.0083 0.0026 0.0136 0.0065 0.0012 0.0197
20 0.0149 0.0042 0.0066 0.0220 0.0014 0.0126 0.0113 0.0119 0.0103
25 0.0010 0.0134 0.0016 0.0174 0.0160 0.0008 0.0037 0.0270 0.0005
30 0.0139 0.0292 0.0105 0.0035 0.0353 0.0111 0.0104 0.0524 0.0184
35 0.0305 0.0534 0.0166 0.0272 0.0587 0.0234 0.0340 0.0811 0.0425
40 0.0272 0.0629 0.0203 0.0261 0.0869 0.0351 0.0345 0.1123 0.0307

3.5. High-Salinity Formations

The formation of the model is changed to water-saturated limestone with porosities

of 1% to 40%. And the water salinity is set to 100 kppm, 150 kppm, and 200 kppm. Figure

8 shows the results of applying NGD algorithms in high-salinity formations.
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Figure 8. Calculated density results for high-salinity formations. (a) Results of the DNGD in high-
salinity formations. (b) Results of the CNGD in high-salinity formations. (c) Results of the FNGD in
high-salinity formations.

As shown in Table 6, the DNGD and FNGD can accurately calculate density in high-
salinity formations. However, the density error of the CNGD increases with increasing
porosity. Taking 40% limestone with a salinity of 200 kppm as an example, the density
errors of the CNGD, DNGD, and FNGD are 0.1381 g/cm?, 0.0119 g/cm?, and 0.0185 g/cm?.
The generation and distribution of captured gamma rays are significantly influenced by
salinity. The impact of salinity is introduced into the density error when the CNGD uses
capture gamma.

Table 6. Density errors calculated in high-salinity formations.
P it Salinity: 100 kppm Salinity: 150 kppm Salinity: 200 kppm
0::;5)1 y Error (g/cm?) Error (g/cm?3) Error (g/cm?3)

’ DNGD CNGD FNGD DNGD CNGD FNGD DNGD CNGD FNGD

1 0.0222 0.0056 0.0122 0.0216 0.0024 0.0058 0.0035 0.0092 0.0162
0.0124 0.0372 0.0070 0.0100 0.0378 0.0075 0.0132 0.0365 0.0075

10 0.0026 0.0450 0.0095 0.0068 0.0457 0.0075 0.0099 0.0417 0.0090
15 0.0020 0.0583 0.0084 0.0146 0.0558 0.0078 0.0088 0.0479 0.0164
20 0.0055 0.0614 0.0096 0.0240 0.0544 0.0161 0.0141 0.0578 0.0149
25 0.0053 0.0710 0.0063 0.0052 0.0751 0.0080 0.0126 0.0693 0.0088
30 0.0077 0.0932 0.0056 0.0160 0.0936 0.0058 0.0004 0.0930 0.0015
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4. Application Analysis

This study employs the Monte Carlo method to study the influence of environmental
factors such as the borehole, lithology, and shale on the DNGD.

4.1. Borehole Environment Effects

The influence of the borehole environment on the DNGD is studied by varying the
borehole size and the density of the mud. The borehole is filled with mud. The borehole
size is set to 20 cm and 30 cm, with mud densities set at 1.00 g/cm?3, 1.30 g/cm?, and 1.60
g/cm?.

The influence of the borehole environment on the DNGD is shown in Figure 9. The
NGD instrument measures the average density of the borehole and the surrounding for-
mation. When the borehole size is 20 cm, the proportion of borehole fluid is small, result-
ing in a smaller impact of the borehole fluid on density calculations. However, when the
borehole size increases to 30 cm, the proportion of borehole fluid within the entire detec-
tion range of the tool increases, and the influence of mud density on the density results
becomes apparent. Therefore, when studying the influence of the borehole environment
on the DNGD, both borehole size and mud density need to be considered.

AP s = =0.0122(D,,. = 20)+0.0564(p,, ., —1.0)+0.0102(D,. —20)(p,., —1.0) (15)

In Equation (15), AQmudbore is the correction amount for the borehole environment,
Omud is the mud density, and Drvore is the borehole size. The DNGD algorithm is calibrated
using a borehole size of 20 cm and a mud density of 1.00 g/cm? as the standard. When
calibrating the borehole environment, both the borehole size and mud density need to be
considered. Therefore, a borehole environment calibration formula is formed by
establishing a relationship between density error and borehole size and mud density. This
formula can be used to correct both the borehole size and mud density.

2.80

®  Mud density=1.00g/cm? B Mud density=1.00g/cm’
1| ® Mud density=1.30g/cm* 2.704| ® Mud density=1.30g/cm’
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Figure 9. The effect of borehole environment on DNGD. (a) Borehole size is 20 cm. (b) Borehole size

is 30 cm.

4.2. Lithology Effects

The formation of the model is changed to a freshwater-saturated limestone with po-
rosities of 1% to 40%, a freshwater-saturated sandstone with porosities of 1% to 40%, and
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a freshwater-saturated dolomite with porosities of 1% to 40%. The formation density is
calculated using the DNGD and the results are shown in Figure 10.

3.00
B Limestone+H,0 A
® Sandstone+H,0 N
2.80- | A Dolomite+H,0 N
E A
L
802,60 Ao’
2 e
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o [ )
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[
[ ]
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Actual density (g/cm®)

Figure 10. The effect of different lithologies on DNGD.

The DNGD is affected by lithologies. The reason for the error is that different ele-
ments produce different inelastic gamma rays. While the inelastic gamma rays produced
by the drill collar can correct for the fast neutron distribution, the drill-collar inelastic
gamma cannot compensate for density errors caused by differences in elements.

O(limestone)
Apy, =1 0.043(sandstone) (16)
0.073(dolomite)

In Equation (16), Apiin is the correction amount for lithology. The DNGD algorithm
uses limestone as the baseline scale, and changes in lithology will cause deviations in the
calculated density. Therefore, limestone does not require correction, sandstone is approx-
imately +0.043 g/cm?3, and dolomite is approximately +0.073 g/cm?.

4.3. Shale Effects

The formation of the model is changed to a freshwater-saturated limestone with poros-
ities of 1% to 40%. The shale was set to kaolinite, with shale content set to 0%, 20%, and 40%.
The formation density is calculated using the DNGD and the results are shown in Figure 11.
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Figure 11. The effect of shale on DNGD.

The DNGD is affected by the presence of shale. Similar to lithology, shale contains
elements such as aluminum and sodium, leading to significant differences in inelastic
gamma responses between shale and limestone. Therefore, using the DNGD in the pres-
ence of shale may lead to errors in density measurements.

APy =—0.038-V, (17)

In Equation (17), Apshae is the correction amount for shale, and Vs is the shale content.
By establishing the relationship between shale content and density error, a shale correc-
tion formula was obtained. This formula can be used to correct the influence of shale on
the DNGD algorithm.

4.4. Tool Eccentricity Effect

The formation of the model is changed to a freshwater-saturated limestone with po-
rosities of 1% to 40%. Tool eccentricity is set to 0.5 cm, 0.0 cm, and —0.5 cm. The formation
density is calculated using the DNGD and the results are shown in Figure 12.

27| ® Eccentricity=0.5cm
® Eccentricity=0.0cm
A Eccentricity=-0.5cm

N N N N g
) w ~ 9 =N
1 1 1 1 1

Calculated density (g/cm?)

N
=
1

9+ T T 7 1
2.0 2.1 2.2 2.3 24 2.5 2.6 2.7

Actual density (g/cm®)

Figure 12. The effect of tool eccentricity on DNGD.

Since the density algorithm uses an eccentricity scale of e = 0.5 cm, the detector is
closest to the formation at this point, and the mud layer is thinnest in the middle, so the
calibrated density equals the actual density of the formation. As the tool moves towards
the center of the wellbore, the mud layer between the detector and the formation thickens;
the mud is much lighter than the formation and attenuates the non-elastic gamma of the
drill collar, weakening the detector signal. The calibration formula interprets this as a
lower density.

Ap,. =0.0058-(5-|e]) (18)

In Equation (18), Ape is the correction amount for tool eccentricity, and e is the tool
eccentricity. The DNGD algorithm is calibrated at e = 0.5 cm. By establishing the relation-
ship between tool eccentricity and density error, a tool eccentricity density correction for-

mula is derived. This formula can be used to correct the influence of eccentricity on the
DNGD algorithm.

4.5. Drill-Collar Diameter Effect

https://doi.org/10.3390/app16147028



Appl. Sci. 2026, 16, 7028

16 of 20

The formation of the model is changed to a freshwater-saturated limestone with po-
rosities of 1% to 40%. The diameters of the drill collars were set to 19.0 cm, 20.0 cm, and
21.0 cm. The formation density is calculated using the DNGD and the results are shown
in Figure 13.
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Figure 13. The effect of drill-collar diameter on DNGD.

When the drill-collar diameter increases, the calculated density increases. This is be-
cause the DNGD method calculates the average density. Since the drill collar is by far the
densest component, its increased weighting raises the effective average density sensed by
the detector. The calibration formula is calibrated with a fixed drill-collar diameter, mak-
ing the DNGD response sensitive to the drill-collar diameter.

Ap., =0.260-(D—19) (19)

In Equation (19), Apcu is the correction amount for drill-collar diameter and D is the
drill-collar diameter. The DNGD algorithm is calibrated at D = 19.0 cm. By establishing
the relationship between drill-collar diameter and density error, a drill-collar diameter
density correction formula is derived. This formula can be used to correct the influence of
drill-collar diameter on the DNGD algorithm.

5. Discussion
Advantages and Disadvantages

As mentioned above, through the effective utilization of drill-collar inelastic gamma
information, the new algorithm considerably improves the density sensitivity and accu-
racy of the NGD logging. Once the new algorithm is adopted, the NGD logging no longer
requires extra corrections in saline and gas reservoirs, which is disruptive for the devel-
opment of the entire NGD logging technology.

Of course, this new algorithm also has its own limitations. It depends on the accuracy
of the drill-collar inelastic gamma information. Consequently, the new algorithm imposes
higher requirements on both energy-spectrum quality and energy-spectrum analysis tech-
niques. Currently, except for Schlumberger’s NGD tool, which can provide high-quality
energy-spectrum information [7], most NGD tools do not integrate elemental function.
This limits the application of this new algorithm.

In recent years, integrating multiple logging functions has become a trend in the de-
velopment of logging tools. In the future, when most NGD tools integrate elemental func-
tion, this new algorithm will play a more significant role in the NGD data processing.
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6. Conclusions

To overcome the limitations of existing NGD algorithms, this study introduces the
drill-collar inelastic gamma information into the NGD logging. Using the Monte Carlo
simulation, the NGD logging responses were simulated, and the drill-collar inelastic
gamma information was extracted by the spectral analysis techniques. The influence of
drill-collar inelastic gamma information on NGD logging was studied, and the relation-
ship between the drill-collar gamma information and high-energy fast neutrons was ana-
lyzed. Finally, a new NGD algorithm utilizing the drill-collar inelastic gamma information
was established. The results are given as follows:

(1) The proportion of drill-collar inelastic gamma can exceed 50%, which is a signifi-
cant factor leading to reduced density sensitivity.

(2) The drill-collar inelastic gamma can be obtained through spectral analysis tech-
niques. By subtracting the influence of the drill-collar inelastic gamma, the density sensi-
tivity of the new algorithm is significantly improved compared to the FNGD and CNGD.

(3) The drill-collar inelastic gamma shows a clear linear relationship with high-en-
ergy fast neutrons. The drill-collar inelastic gamma inherits the advantages of fast neu-
trons, and the detection efficiency of the drill-collar inelastic gamma is high. The new al-
gorithm performs well compared to the CNGD in gas-bearing formations and high-salin-
ity formations.

(4) The density results calculated by the new NGD algorithm are affected by the bore-
hole environment, lithology, and shale.

(5) The new algorithm requires only two gamma detectors to achieve density meas-
urement, requires no modifications to existing instruments, and can be used simultane-
ously with other NGD algorithms.
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Abbreviations

The following abbreviations are used in this manuscript:

NGD Neutron—-gamma density
LWD Logging while drilling
D-T Deuterium—tritium

FNGD NGD algorithm based on fast neutron information

CNGD NGD algorithm based on capture gamma information

ENGD NGD algorithm based on epithermal neutron information

TNGD NGD algorithm based on thermal neutron information

DNGD NGD algorithm based on drill-collar inelastic gamma information
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HI Hydrogen index
MC Monte Carlo
LaBrs Lanthanum bromide
Nird Near-detector drill-collar inelastic gamma count
s Macroscopic scattering cross-section
S Normalized relative sensitivity
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