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The pulsed neutron-gamma density logging technique is used to measure the bulk density of formations based on the detection of gamma rays from the inelastic scattering of neutrons in the formations. However, the induced gamma ray source is regarded as a function of neutron transport and cannot be considered a “point” source. Due to the high energy level of gamma rays, the attenuation of inelastic gamma rays is affected by Compton scattering and pair production. Therefore, bulk density can be measured using inelastic gamma rays while considering the effects of neutron transport and pair production. In this article, a novel density measurement method that uses a completely different response model is proposed to improve the accuracy of density measurement. The process of neutron-gamma density measurement is divided into the neutron transport group and the gamma ray transport group in accordance with the neutron-gamma coupled field theory. A novel density estimation algorithm is derived from the diffusion equation and the gamma ray attenuation law. The accuracy and specification of density measurement are investigated through the Monte Carlo simulation and the calibration of test pits. Theoretical and experimental analyses show that the neutron transport and gamma ray transport are not entirely independent of each other in the pulsed neutron-gamma density measurement. The newly developed model can effectively enable the inelastic gamma rays to conform to the gamma ray attenuation law and keep the measurement accuracy at ±0.025 g/cm3. Moreover, neutron-gamma density is insensitive to the porosity and lithology of the formation. The proposed novel algorithm successfully establishes the calculation model for the relationship between inelastic gamma rays and bulk density, providing a new perspective for density measurement in pulsed neutron-gamma density logging.
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INTRODUCTION
The downhole logging tool with a radioisotope source plays an important role in hydrocarbon exploration and production (Ellis and Singer, 2007). As one of the most important parameters for the interpretation of well logs, the formation bulk density is widely used in reservoir evaluation. The conventional gamma density logging tools using cesium-137 (Cs-137) as the gamma source may date back about 50 years. This radioisotope source emits gamma rays with energies of 662 keV located in the Compton scattering zone. Compton scattering is the dominant interaction in gamma ray transport. Hence, gamma ray attenuation is proportional to electron density, ensuring high accuracy of density measurement. In clear and shale formations, the accuracy of the conventional gamma density measurement can reach ±0.015 g/cm3 (Reichel et al., 2012). However, the use of radioisotope source in well logging may pose health, safety, and environmental (HSE) risks. The use of pulsed neutron generator (PNG) in place of radioactive sources can help eliminate the risks of exposure to radiation and reduce the cost associated with source storage, transportation, and record keeping. In addition, PNG can provide a large amount of important well-log data that enables more accurate overall evaluation of complex reservoirs (Baumann and Henninges, 2012).
In recent decades, research scientists have been investigating several ways of replacing the Cs-137 source used for measuring formation density. The earliest solution is to use X-ray sources with a 4 MeV linear accelerator (Becker et al., 1987; King et al., 1987). The X-rays are generated by the collision of high-speed electrons with heavy metal target nuclei, resulting in bremsstrahlung radiation. Simon et al. (2018) developed two X-ray experimental prototypes using a continuous downhole X-ray generator with endpoint energies ranging from 250 to 400 keV. However, these X-ray density tools have not been commercialized.
The pulsed neutron-gamma density logging technique measures the bulk density of formations based on the detection of inelastic gamma rays in the formations without using any radioisotope source. The design concept was first proposed in cased-hole density measurements (Wilson, 1995; Odom et al., 1998). In comparison with the single gamma ray transport process in conventional gamma density measurement, the physical process of the pulsed neutron-gamma density logging is more complex in the formations. This physical process mainly includes neutron transport, inelastic gamma ray production, and gamma ray transport (Streeter et al., 1996; Odom et al., 1998). The accuracy of the neutron-gamma density logging in bulk density measurement is lower than that of conventional gamma density logging techniques because of the complex physical mechanism (Evans et al., 2012). The induced gamma ray source is produced by the collision of fast neutrons with the formation. Formation properties (porosity, lithology, and pore fluid) affect neutron slowing down and the generation of inelastic gamma rays. Therefore, the gamma source is a dispersed spectral source that is spatially distributed near the pulsed neutron generator. The size and strength of the induced gamma ray source are dynamic and are mainly affected by the neutron transport and the inelastic gamma production cross section of the formation (Odom et al., 1999). In the subsequent process of gamma ray transport, gamma responses are mainly affected by formation density. The gamma rays from the inelastic scattering of neutrons have high energies ranging from several keV to 7 MeV. For example, the energies of gamma rays from oxygen-16 are mostly in the 6–7 MeV range, and the energies of gamma rays from carbon are about 4.4 MeV. Pair production in gamma ray physics is sensitive to lithology, and the theoretical energy threshold is 1.02 MeV. Therefore, Compton scattering is no longer the only interaction in the gamma ray transport process.
A great challenge in density measurement using pulsed neutron sources instead of conventional chemical sources is how to improve the accuracy of density measurement. Establishing the correct relationship between the gamma response and bulk density is one of the key factors. In recent decades, many scholars have put forward a variety of estimation algorithms used in pulsed neutron-gamma density logging. Wilson (1995), Odom et al. (1997), and Odom et al. (1999) developed a neutron-gamma density calculation method based on the gamma diffusion length in water-filled formations. In this method, the gamma diffusion length is inversely proportional to bulk density and can be calculated by the ratio of inelastic gamma ray count rates of the near and far detectors. However, it is necessary to correct the influence of the variations in induced gamma ray source in gas-bearing or low-porosity formations. Odom et al. (2001) developed a cased-hole pulsed neutron-gamma density tool with a fast neutron detector. Jacobson et al. (2004) pointed out that neutron capture gamma rays could be used for correction in density calculation. Schlumberger developed the first commercial logging-while-drilling (LWD) pulsed neutron-gamma density measurement tool with thermal and epithermal neutron detectors (Yu et al., 2011; Evans et al., 2012; and Reichel et al., 2012). For all the methods previously mentioned, it is assumed that the inelastic gamma rays are affected by the hydrogen index and gamma ray transport, and fast neutrons, epithermal neutrons, thermal neutrons, and capture gamma rays can be used to correct the hydrogen index. However, the effect of fast neutrons still exists and needs to be further corrected. The accuracy of density measurement is ±0.025 g∕cm3 in clean formations and ±0.045 g∕cm3 in shale formations (Evans et al., 2012). Zhang et al. (2017) and Luycx and Carlos (2018) determined the relationship between formation bulk density and the ratio of inelastic gamma ray count rates based on the Monte Carlo simulation and the coupled field theory, thus enabling the pulsed neutron-gamma density calculation method to be theorized for the first time. Their theoretical tool consists of two gamma ray detectors and several fast neutron detectors. Using the coupled field theory and based on the principle of energy window compensation, Wang et al. (2019); Wang et al. (2020) obtained the density estimation algorithm insensitive to formation lithology and pore fluid.
In this article, the spatial distribution of inelastic gamma rays is obtained by solving the diffusion equation based on the neutron-gamma coupled field theory. Furthermore, a new formation density estimation algorithm is derived considering the principle of energy window compensation. Then, the measurement specification and density measurement accuracy of the experimental tool are analyzed through the Monte Carlo simulation and experiments on test pits. Theoretical analysis and experimental data show that neutron transport and gamma ray transport are not completely independent in neutron-gamma density measurement. The new density estimation algorithm can effectively enable the inelastic gamma rays to conform to the gamma ray attenuation law. The neutron-gamma density is insensitive to formation porosity and lithology, and the accuracy of bulk density measurement can reach ±0.025 g/cm3. The results of application of the new density estimation algorithm in the field wells are presented.
METHODOLOGY
The basic principle of the pulsed neutron-gamma density logging is based on the detection of the attenuation of neutron-induced inelastic gamma rays through Compton scattering. However, the induced gamma ray source is an extended source, and the attenuation of inelastic gamma rays is affected by pair production and Compton scattering. The correction of the effects of neutron transport and pair production is the main challenge for the density estimation algorithm.
Neutron Transport
The pulsed neutron-gamma density measurement involves three processes, including neutron transport, inelastic gamma ray production, and gamma ray transport. The basic issue of neutron transport is how to describe the neutron transport process using neutron flux.
If the angular distribution of the neutron velocity vector is isotropic or nearly isotropic, neutron flux can be expressed by the diffusion equation. In neutron-gamma density logging, the energy level of fast neutrons emitted from the pulsed neutron source is 14.1 MeV. Therefore, this source can be regarded as a mono-energetic point source. Like the group diffusion method used in thermal neutron porosity logging, the process of pulsed neutron-gamma density logging is divided into two groups, namely, the neutron transport group and the gamma ray transport group.
For the neutron transport group, assuming that the pulsed neutron source emits Q neutrons per unit time, the diffusion equation can be expressed as follows (Tittle, 1961):
[image: image]
where Dn is the diffusion coefficient of fast neutrons in the formation, ▽2 is the Laplace operator, ϕn is the spatial flux distribution of fast neutrons, and Σn is the macroscopic neutron scattering cross section in the formation.
According to the diffusion equation, the flux distribution of fast neutrons ϕn in a simple, spherical, and homogeneous point source model can be expressed as follows (Tittle, 1961):
[image: image]
where r is the distance between the pulsed neutron source and the detection point, and Ln is the neutron slowing-down length, which is given by Ln=(Dn/Σn) 0.5.
Most fast neutrons are concentrated near the pulsed neutron source during neutron-gamma density measurement. Therefore, the inelastic scattering of fast neutrons mainly occurs near the neutron source. Figure 1 shows the spatial variations in fast neutron flux in different formations. As the source-detector distance increases, fast neutron flux decreases sharply, and the difference in fast neutron flux in different formations also increases. Fast neutron flux decreases significantly with the increase in porosity in freshwater-filled formations. When freshwater in the pores is replaced by a gas (methane or carbon dioxide), fast neutron flux will increase greatly. When the gas is methane, the higher pore gas density is, the smaller fast neutron flux will be. However, when the gas is carbon dioxide, pore gas density has almost no impact on fast neutron flux.
[image: Figure 1]FIGURE 1 | Spatial variation in fast neutron flux for various mineral and fluid combinations: (A) freshwater-filled formations with varying porosity; (B) limestone formations with varying pore fluid.
Figure 2 shows that the spatial distribution of fast neutron flux in the two energy intervals of formations with varying pore fluid, where the range from 0.1 to 6 MeV is defined as the low-energy interval of fast neutrons and the range from 6 to 14 MeV is regarded as the high-energy interval. As the pore fluid changes, there will be an obvious distinction between these two energy intervals of fast neutrons. When the pore fluid is freshwater, fast neutron flux increases slowly in the high-energy interval and decreases rapidly in the low-energy interval with the increase in formation porosity. When the pore fluid is methane, fast neutron flux increases rapidly in the high-energy interval and decreases slowly in the low-energy interval, with the increase in formation porosity. When the pore fluid is carbon dioxide or the formation is a dry formation, the fast neutron flux in the two energy intervals increases with the increase in formation porosity, and the increase in fast neutron flux in the high-energy interval is greater than that in the low-energy interval. As shown in Figures 1, 2, the spatial distribution and energy distribution of fast neutrons are dynamic and mainly affected by neutron transport.
[image: Figure 2]FIGURE 2 | Fast neutron flux distribution at different energy intervals.
Gamma Ray Production
For the inelastic scattering of fast neutrons, assuming that i is the average number of gamma photons generated during each inelastic collision, Σin is the macroscopic neutron inelastic scattering cross section, σin is the microscopic neutron inelastic scattering cross section, and N is the atomic density, gamma ray production by neutron inelastic scattering can be expressed as follows:
[image: image]
As shown in Figure 3, the inelastic scattering cross sections of various nuclides are different and mainly related to the energy of incident neutrons and the mass number of target nuclei. However, the inelastic scattering cross sections of nuclides, such as 16O, 28Si, and 40Ca, are relatively close to each other. Therefore, there is no significant change in the inelastic scattering cross sections, and there are only slight changes in the weight fraction of some nuclides.
[image: Figure 3]FIGURE 3 | Inelastic scattering cross sections of various nuclides.
As the scattering cross sections of the most abundant nuclides are close to each other, the macroscopic cross section for neutron inelastic scattering is mainly related to the atomic density of the formation, and it is equal to the sum of the products of the inelastic scattering cross section and atomic density of each element in the formations. As shown in Figure 4, 16O content is dominant in the formation. If the fast neutron flux is assumed to be constant and does not vary with the formation properties, the strength of the induced gamma ray source mainly depends on 16O content. The 16O atomic density and the total atomic density decrease with the increase in formation porosity, no matter whether the pore fluid is freshwater or gas. With the increase in porosity, the 16O atomic density decreases faster in the gas-filled formation than in the freshwater-filled formation. Therefore, porosity variations have a great impact on the induced gamma ray source in the gas-filled formation.
[image: Figure 4]FIGURE 4 | Relationship between 16O atomic density and total atomic density for various fluid combinations.
Gamma Ray Transport
For the gamma ray transport group, assuming that Dγ is the diffusion coefficient of gamma rays, Σγ is the macroscopic scattering cross section of gamma rays, ϕγ is the gamma ray flux, and Lγ is the gamma ray attenuation length, which is given by Lγ =(Dγ/Σγ) 0.5, the diffusion equation for gamma rays can be expressed as follows (Odom et al., 1999; Odom et al., 2001):
[image: image]
By substituting Eq. 2 into Eq. 4, the following equation can be obtained as follows:
[image: image]
The aforementioned equation can be simplified to Eq. 6:
[image: image]
Assuming that U′ = rϕγ, Eq. 6 can be reorganized to the form given as follows:
[image: image]
The homogeneous general solution to Eq. 7 is as follows:
[image: image]
where, both A and B are undetermined coefficients. According to the boundary conditions, the gamma-ray flux in the formation space other than the induced gamma ray source is limited. Therefore, B = 0 can be obtained.
The general solution to Eq. 7 is as follows:
[image: image]
where C is an undetermined coefficient. By substituting Eq. 9 into Eq. 7, the value of C can be obtained as follows:
[image: image]
Therefore, the general solution to gamma ray flux is expressed as follows:
[image: image]
Because the distribution of gamma rays is spherically symmetric, the density of gamma photons passing through the sphere of the measuring point is 0, that is,
[image: image]
Eq. 12 can be written as follows:
[image: image]
Therefore, the spatial flux distribution of inelastic gamma rayscan can be determined using the diffusion equation given as follows.
[image: image]
In Eq. 14, the gamma ray flux is related to source-detector distance, fast neutron transport, inelastic gamma ray production, and gamma ray transport. As shown in Figure 5, it is difficult to directly identify the relationship between gamma response and bulk density using a single gamma ray detector.
[image: Figure 5]FIGURE 5 | Cross-plot of inelastic scattering gamma ray count and bulk density for various mineral and fluid combinations: (A) near detector; (B) far detector.
Correction of the Effects of Neutron Transport and Pair Production
For two gamma ray detectors with the source-detector spacing r1 and r2 (r1<r2), the following equation can be obtained:
[image: image]
As shown in Figure 6, the effect of neutron transport cannot be neglected in inelastic gamma ray responses and should be compensated when the formation bulk density is calculated using the ratio of gamma ray count rates.
[image: Figure 6]FIGURE 6 | Cross-plot of count ratio and bulk density for various mineral and fluid combinations. (A) Inelastic scattering gamma ray count ratio; (B) neutron count ratio.
Based on Lagrange’s mean value theorem, bulk density can be expressed as follows (Wang et al., 2019):
[image: image]
where Rγ is the ratio of the inelastic gamma ray count rates of the near and far detectors, Rn is the ratio of the epithermal neutron count rates of the near and far detectors, and f and j are the logarithmic functions of the neutron count ratio, which are given by f(lnRn) = a1(lnRn)2+a2(lnRn) +a3 and j(lnRn) = a4(lnRn)3+a5(lnRn)2+a6(lnRn) +a7.
The original energies of inelastic scattering gamma rays from 16O, 12C, 28Si, and 40Ca are shown in Figure 7. For most elements, the energies of the gamma rays emitted are not unique and are concentrated in the range of 1–8 MeV, which are higher than the energies of those emitted by a 137Cs source. As shown in Figure 8, when the energies of incident gamma rays are within the range from 0.01 to 10 MeV, the percentage of pair production attenuation coefficient in the total mass attenuation coefficient varies as the energy changes. When the gamma rays are at low energy levels, the pair production attenuation coefficient is almost zero, which is consistent with the energy threshold of 1.02 MeV for pair production. The aforementioned percentage increases with the increase in energy. Although Compton scattering still dominates gamma ray attenuation, the effect of pair production should not be neglected.
[image: Figure 7]FIGURE 7 | Inelastic scattering gamma ray spectrum.
[image: Figure 8]FIGURE 8 | Ratio of pair production effect to total mass attenuation. [The data are calculated with XCOM (Berger et al., 2010).]
For neutron-gamma density measurement, the total attenuation of gamma rays is the linear superposition of the attenuation of gamma rays with different energies. In comparison with the gamma rays in the low-energy window, the gamma rays in the high-energy window are more affected by pair production. The spectra of inelastic gammy rays in the high-energy window can be compensated for the spectra of inelastic gamma rays in the low-energy window to correct the effect of pair production (Roberts, 2011). Bulk density can be expressed as follows (Wang et al., 2020):
[image: image]
where Rγ1 is the ratio of the low-energy gamma ray count rates of the near and far detectors, D is the fitting coefficient, Rγ2 is the ratio of the high-energy gamma ray count rates of the near and far detectors, and f’ and j’ are logarithmic functions of the neutron count ratio, which are given by f’(lnRn) = b1(lnRn)2+b2(lnRn)+b3 and j’(lnRn) = b4(lnRn)3+b5(lnRn)2+b6(lnRn) +b7. Equation 17 shows that neutron transport and gamma ray transport are not fully independent of each other. Neutron-gamma density can be calculated by the ratio of low and high-energy gamma ray count rates and the ratio of neutron count rates.
EXPERIMENT AND ALGORITHM DEVELOPMENT
Tool Structure
As shown in Figure 9, the wireline density logging experimental tool can be matched with other wireline tools with a diameter of 90 mm. The largest diameter of the tool is 124 mm at the position of the detector section. The material of the tool housing is precipitation hardening stainless steel (Cr17Ni4Cu4Nb). This tool can simultaneously provide several parameters including neutron porosity, neutron-gamma density, and element content in the formation. The tool sonde is mainly composed of the detector section and the electronics section. The detector section consists of two lanthanum bromide (LaBr3: Ce) gamma ray scintillation crystal detectors, two He-3 neutron detectors, and a pulsed neutron generator. The high-voltage power supply and multi-channel pulse-height analyzer of the electronics section are placed in the Dewar flask.
[image: Figure 9]FIGURE 9 | Sonde of the neutron-gamma density logging experimental tool.
In the neutron slowing-down process, the gamma rays resulting from the interactions of neutrons usually include inelastic gamma rays and capture gamma rays. In density measurement with commercial logging tools, the net inelastic gamma ray spectrum is used to calculate the formation bulk density, which is often obtained by removing the spectra of capture gamma rays using a subtraction factor.
Algorithm Development
The first step of algorithm development is to determine the neutron and gamma ray count rates of the experimental tool in a controlled environment. This environment is available at the Well Logging Metrology Station, China National Logging Corporation (CNLC), where there are sandstone, limestone, and dolomite rocks with various porosities in neutron porosity test pits. For these test pits, formation density is within the range of 1.8–2.86 g/cm3, and the 20-cm-diameter borehole is filled with freshwater. All of these standard conditions are required for the bulk density algorithm.
There are no test pits for gas-filled shale, gypsum, and anhydrite formations, which are very difficult to handle in laboratory conditions. The controlled environment was extended using the simulation method. Monte Carlo (Goorley, 2014) simulations were performed using artificial hypothesis formations. The simulation method allows for arbitrary addition of porosities, pore fluids, borehole fluids, and borehole sizes.
The results obtained using the new density estimation algorithm are presented in Figure 10. The calculated apparent density is highly consistent with the actual density, and most of the measuring points in various formations fall on the line. The effects of neutron transport and pair production have been compensated for various formations. The accuracy of the neutron-gamma density measurement using the new density estimation algorithm is ±0.025 g/cm3. The measurement accuracy is independent of mineralogy, formation porosity, and pore fluid, especially in shale and shaly formations and in gas-filled formations. However, the results show that the new density estimation algorithm performs poorly in the high-density formations and the low-density gas-filled formations. The density of the measured formation should be within the range of 1.95–2.90 g/cm3.
[image: Figure 10]FIGURE 10 | Diagram of the results for various formations from the MCNP tool model and experimental tool processed using the Levenberg–Marquardt method.
This problem with the neutron-gamma density measurement is a combined neutron-gamma ray transport problem. The density estimation algorithm shows that the bulk density is determined by two parameters, namely, the ratio of gamma ray count rates and the ratio of neutron count rates. However, both modes of transport vary simultaneously in laboratory formations. Therefore, it is very difficult to create controlled formation environments in which the neutron slowing down length is constant but bulk density is variable, or vice versa. For this reason, the Levenberg–Marquardt method is used to obtain the correlation coefficient for the density estimation algorithm.
Measurement Specifications
eutron-gamma density measurement is based on the responses of gamma rays from neutron inelastic scattering detected by the two gamma ray detectors at different source-director distances. To increase the contribution of gamma ray transport, the far gamma ray detector is positioned far from the pulsed neutron source, which results in a poorer vertical resolution and a greater depth of investigation.
Vertical Resolution
The conventional gamma density logging tools can identify the layers with a thickness of about 40 cm (Ellis and Singer, 2007). Figure 11 shows the vertical resolution of the neutron-gamma density tool in a vertical borehole, where the background formation is a 20 P.U. limestone formation filled with freshwater, and the thin layer is a 0 P.U. limestone formation. The results show that the neutron-gamma density has a relatively poor vertical resolution of about 75 cm.
[image: Figure 11]FIGURE 11 | Vertical resolution of the neutron-gamma density tool in a vertical well. The background formation is a 20 P.U. limestone formation filled with freshwater, and the measured layer is a 0 P.U. limestone formation (A) thickness of the thin layers is 15 cm; (B) thickness of the thin layers is 30 cm; (C) The thickness of the thin layers is 45 cm; (D) thickness of the thin layers is 60 cm; (E) thickness of the thin layers is 75 cm; (F) thickness of the thin layers is 90 cm.
Depth of Investigation
A common definition quantifies the depth of investigation (DOI) as the radius corresponding to 90% of the radial geometric function. The DOI of the conventional gamma logging tool is approximately 9.7 cm (Ellis and Singer, 2007). The radial geometric functions of the neutron-gamma density for various formations are shown in Figure 12. The DOI of the neutron-gamma density tool is approximately 17 cm, which is twice that of the conventional gamma density logging tool, and it is less sensitive to formation properties compared with the conventional gamma density logging tool. The reason is that neutron-gamma density measurement relies on the effects of neutron transport and gamma ray transport that result in increased gamma ray penetration.
[image: Figure 12]FIGURE 12 | Radial geometric factor for the far gamma ray detector: (A) radial geometric factor for the formation with varying porosity; (B) radial geometric factor for the formation with varying lithology.
RESULTS AND APPLICATIONS
Unlike conventional gamma density logging tools, the gamma-ray detectors of the neutron-gamma density logging tool are not wrapped by the shield. The measured apparent density is a weighted average of the densities of the formation and borehole fluid. Therefore, various borehole conditions, such as borehole diameter, standoff, and the type and weight of borehole fluid, affect the neutron-gamma density measurement. All of these factors may affect the comparison between the conventional gamma density logging tools and the neutron-gamma density logging tool. If a large difference can be explained according to an evident environmental effect, the difference can be tolerated. Of course, the measurement specifications of the tool (such as the depth of investigation and vertical resolution) may also cause differences in the measurement.
The pulsed neutron-gamma density experimental tool has been tested in several wells in the field. The comparison between the data sets from neutron-gamma density logging and those from conventional gamma density measurements can reveal the differences and the limitations of both the bulk density measurement techniques. The field test showed a high consistency the between neutron-gamma density measurements and conventional gamma density measurements.
Field Example 1
A shaly sand example at the bottom of a well is shown in Figure 13. This well was drilled with water-based mud with a density of 1.60 g/cm3. Track 1 includes the GR and caliper curves. The size of the borehole is close to that of the drill bit, which is 22.5 cm. Track 3 compares the neutron porosity (CNC, blue), neutron-gamma density (DEN, red), and conventional gamma density (ZDEN, black). Track 4 shows the conventional gamma density correction. Tracks 5, 6, and 7 show the contents of various elements in the formation. Conventional gamma density measurements and neutron-gamma density measurements are highly consistent. The logs from the sand shaly interval at the depth of 113–1140 m provide an opportunity for comparing the characteristics of vertical resolution of both the conventional gamma density measurements and pulsed neutron-gamma density measurements. The aforementioned phenomenon is reflected in the conventional gamma density measurements with an axial resolution of 40 cm. The neutron-gamma density logging tool with an axial resolution of 75 cm is less sensitive than thin beds.
[image: Figure 13]FIGURE 13 | Density comparison in a sand-shaly layer. The neutron-gamma density measurements (track 3, red) and conventional gamma density measurements (black) are highly consistent. The data above are clearly separated from thermal neutron porosity data (blue) in the sand-shaly formation.
Field Example 2
Figure 14 shows the well logs of a vertical well drilled with 1.33 g/cm3 water-based mud. Track 1 includes the GR and caliper curves. The size of the borehole is close to that of the drill bit, which is 9 in. Track 3 compares the neutron porosity (CNC, blue), neutron-gamma density (DEN, red), and conventional gamma density (ZDEN, black). Track 4 shows the conventional gamma density correction. Tracks 5, 6, and 7 show the contents of various elements in the formation. The log curves and scales are similar to those shown in Figure 13. Similar to the previous well, the two types of measurements in the shaly-sand interval between 2,370 and 2,390 m are highly consistent.
[image: Figure 14]FIGURE 14 | Density comparison in a sand-shaly interval. The neutron-gamma density measurements (track 3, red) and conventional gamma density measurements (black) are highly consistent.
Field Example 3
The log example in a tight carbonate formation is shown in Figure 15. This well was drilled with 1.21 g/cm3 water-based mud. Track 1 includes the GR and caliper curves. The size of the borehole is close to that of the drill bit, which is 23 cm. Track 3 compares the neutron porosity (CNC, blue), neutron-gamma density (DEN, red), and conventional gamma density (ZDEN, black). Tracks 5, 6, and 7 show the contents of various elements in the formation. The neutron-gamma density measurements are highly consistent with the conventional gamma density measurements.
[image: Figure 15]FIGURE 15 | Density comparison in a tight carbonate zone. The neutron-gamma density measurements (track 3, red) and conventional gamma density measurements (black) are highly consistent.
CONCLUSION
In this article, a novel density estimation algorithm for neutron-gamma density logging is derived from the diffusion equation and the gamma ray attenuation law. Two neutron detectors are used to evaluate the effects of neutron transport. Two gamma ray energy windows are used in the gamma ray detectors to reduce the effect of pair production in the gamma ray transport process. The simulation results indicate that the corrected gamma ray count rate conforms to the gamma ray attenuation law and does not require corrections based on information from other well logs.
The accuracy of neutron-gamma density measurement using the newly developed density estimation algorithm can reach ±0.025 g/cm3, and it is independent of mineralogy, formation porosity, and pore fluid, especially in shale and sand-shaly formations and in gas-filled formations. NGD measurement can provide accurate density estimation. The density of the measured formation should be within the range of 1.95–2.90 g/cm3. Meanwhile, to increase the contribution of gamma transport, the far gamma ray detector is positioned far from the pulsed neutron source, which results in a poorer vertical resolution and a greater depth of investigation.
Significant progresses have been made in controllable source formation evaluation with PNG-based neutron-gamma density measurements. The application of this new density measurement method will provide the possibility of replacing conventional gamma density measurement.
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NOMENCLATURE
Cs-137 cesium-137
HSE health, safety, and environment
LaBr3 lanthanum bromide
LWD logging-while-drilling
MCNP Monte Carlo N-particle code
PNG pulsed neutron generator
P.U. porosity unit
a1,a2,a3,a4,a5,a6, and a7 fitting coefficients
b1, b2, b3, b4, b5, b6, and b7 fitting coefficients
A, B, C, and D undetermined coefficients
Dn diffusion coefficient of neutrons (cm)
Dγ diffusion coefficient of gamma-rays (cm)
f,f’ logarithmic functions of the ratio of epithermal neutron count rates
g,g’ logarithmic functions of the ratio of epithermal neutron count rates
i average number of gamma photons in every inelastic collision
Ln neutron slowing-down length (cm)
Lγ gamma-ray attenuation length (cm)
N atomic density
Q intensity of the pulsed neutron source (particles/cm)
Rn ratio of the epithermal neutron count rates of the near and far detectors
Rγ ratio of the inelastic gamma ray count rates of the near and far detectors
Rγ1 ratio of the low-energy gamma ray count rates of the near and far detectors
Rγ2 ratio of the high-energy gamma ray count rates of the near and far detectors
r distance between the spatial gamma-ray detection point and the pulsed neutron source (cm)
r1 near detector-source spacing(cm)
r2 far detector-source spacing (cm)
Sγ inelastic gamma-ray production
U′ parameter related to r and ϕγ
▽2 Laplace operator
ϕn fast neutron flux (particles/cm2)
ϕγ gamma-ray flux (particles/cm2)
ρb bulk density (g/cm3)
σin microscopic neutron inelastic scattering cross section (cm2)
Σin macroscopic neutron inelastic scattering cross section (cm−1)
Σn macroscopic scattering cross section of neutrons (cm−1)
Σγ macroscopic scattering cross section of gamma ray (cm−1)
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