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SUMMARY

Logging-while-drilling (LWD) is the most advanced technology in geophysical well logging
and it is widely used for determining the petrophysical parameters of oil-and-gas reservoirs in
boreholes.

The LWD is particularly important for horizontal boreholes. The latter allows: to multiply the
yield of hydrocarbons, to increase overall production, to use effectively new vertical
boreholes and exploited ones. The opportunity of horizontal drilling to local deposits is of
also essential importance.

This abstract concentrates on the apparatus developments, which are aimed at creating the
new module of radioactivity logging for LWD; the module is universal in the sense that it can
be used in drill collars, which are employed while drilling all types of boreholes. The
developed module implements neutron-neutron logging, neutron-gamma logging, gamma-
gamma logging, and gamma-ray logging. It allows to perform determination of a broad set of
petrophysical parameters.

As an example of using the new module, the results of determining the petrophysical
parameters of oil reservoir in horizontal borehole are given. The process of LWD
measurements demonstrated high technologicness and efficiency of the module. Comparison
of the obtained parameters with the data of independent measurements using the PEX tool
(Schlumberger) showed a qualitative consistency and a quantitative convergence.
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Introduction

Until relatively recently, wireline logging (WL) was the basic technology of geophysical
investigations in oil-and-gas boreholes. Since the end of the last century, logging-while-drilling
(LWD) came into wide use for determining the parameters of oil-and-gas reservoirs. In the number of
cases, the LWD has undeniable advantages over WL and other types of logging. The LWD is of
special importance in horizontal boreholes, which are obtained by directional drilling from vertical
boreholes. Horizontal boreholes allow to increase the yield of hydrocarbons by 3-4 times and overall
production. These factors are exceedingly important for Ukraine.

The abstract presents the results of the development, which is performed at the Institute of Geophysics of
the National Academy of Sciences of Ukraine (IGPh), including in close cooperation with LLC
«Ukrspetsprylad». The development is aimed at creating the new universal apparatus module of
radioactivity logging (UMRL) for the investigation of oil-and-gas reservoirs when LWD. The module is
universal in the sense that it can be used in a drill collars (DC) of various diameters and wall thickness. The
developed module contains set of RL devices: dual-spaced neutron-neutron logging (2NNL), dual-spaced
neutron-gamma logging (2NGL), dual-spaced gamma-gamma logging (2GGL), and gamma-ray logging
(GR). It allows determining an extended number of petrophysical parameters of oil-and-gas reservoirs.

Methods

Features of the LWD technology. LWD has a number of fundamental distinctions from WL. The logging
speed of LWD is uniquely related to the rate of penetration, therefore it is relatively slow and irregular
(~ 10+80 m/h). The low speed provides to an increase the statistical accuracy of RL. The transmission of
basic LWD data is carried out in real time using special telemetry, and the complete information is
recorded in memory unit. LWD devices are exposed to strong mechanical loads for a long time. This
imposes high demands on components and their mounting, requires special shock-absorbers. The key
feature of LWD is related to the necessary obtaining information about the formations in the presence of a
thick-walled DC. The main merits of LWD include the following: obtaining results in real time; practically
undisturbed formations during measurements; efficiency and significant reduction in the cost of
logging operations; gain in time, especially when investigation of deep and ultra-deep boreholes.

Conventional RL module on the basis of GGL and NNL methods. When investigating the oil-and-gas
reservoirs while drilling, it is common to employ the NNL for determination of neutron porosity and the
GGL for density and lithology (Lamont-Doherty ..., 2002; Ellis, Singer, 2008). In so doing, the 2NNL
device is placed on the section of the whole DC, and for the 2GGL device, special «windows» are
equipped opposite the source and detectors of y-rays. The «windows» made in the steel pipe favor to the
penetration of gammas from the ¥’Cs source into the rock and the transmission of Compton and low-
energetic gammas from the rock to the GGL detectors. With the described design of the RL module, the
DC itself with devices built into it actually serve as the measuring tool for LWD («DC-tool»). This leads
to the need to have a set of such extremely heavy and bulky «DC-toolsy, that creates troubles for LWD
measurements, calibration, transportation. The appropriate module of RL for LWD with «windows» in
DC we will be denote by RL(GGD) module (GGD — gamma-gamma density). The informativity of the
RL(GGD) module is not always sufficient. For example, the absence of a GR detector makes it difficult
to obtain parameters of shaliness and porosity, taking into account the hydrogen index of shale. Also, this
does not allow to correctly take into consideration the background of natural y-ray for GGL detectors.

Conventional module of nuclear logging on the basis of pulsed neutron generator. Essential restrictions
of GGD, as well as the desire to replace chemical sources of neutrons and y-rays with safer ones,
stimulated the search for new opportunities for obtaining the density and other parameters of formations
when LWD. Neutron-gamma method for determining density (neutron-gamma density — NGD) using a
pulsed D-T neutron source was developed (Allioli et al., 2013; Reichel et al., 2013; Tkabladze et al., 2017).
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Together with NGD method one can simultaneous to determine the neutron porosity, the thermal neutron
capture cross section, and the content of individual elements. Based on a neutron generator the nuclear
logging module, which we will be denote as the NL(NGD), is built into a single-piece DC («DC-tool»).
The main geophysical advantage of the NGD method over the GGD method is a significant increase in the
depth of investigation (Allioli et al., 2013; Reichel et al., 2013; Luycx, Torres-Verdin, 2019). Because of
this, the influence of the near zone is reduced. Together with certain merits, the following disadvantages
take place: density errors in total are greater in comparison with the GGD; sonde readings are
sensitive to standoff; uncontrolled parameters of the mud impair accuracy and sensitivity; accuracy of
determining the density of shale and gas reservoirs is underestimated.

It should be noted another approach (Inanc, Gilchrist, 2017) to determining the density using a D-T
neutron generator. For this approach, both y-rays from inelastic neutron scattering and other (n, y)
processes, basic of which is the radiative capture of thermal neutrons, are used as a source of y-rays.
According to (Inanc, Gilchrist, 2017), besides rock y-rays, gammas from specially selected materials
inside of the tool (for example, graphite and cadmium) are sources when determining the rock density.
This approach is acceptable for open and cased boreholes, since the corresponding tool must have a
relatively large diameter. But it is inefficient for conditions of LWD measurements.

Results

Universal module of radioactivity logging for LWD. We proposed (Kulyk, Bondarenko, 2021;
Danyliv et al., 2022) a new approach to creating RL module for LWD. The module realizes four RL
methods: NNL, NGL, GGL, GR. The module operates in whole (windowless) DC of all diameters and
wall thicknesses when LWD of vertical, deviated and horizontal holes. Such module will be called
universal module of radioactivity logging for LWD and denoted by UMRL. In so doing, the method
for determining the density by the NGL (Kulyk et al., 2023) will be denoted by DNGL, and the
method of density GGL (in DC without windows) by DGGL. In Fig. 1 is shown a photo of pilot simple
of the universal module UMRL, realized by the LLC "Ukrspetsprylad" with the participation of IGPh.

Figure 1 Pilot sample of the universal UMRL module. 1 — submodule 2GGL+GR, 2 — submodule
2NNL+2NGL, 3 — power supply unit, 4 — software unit

Features of UMRL module. The main differences between the proposed module UMRL and the
traditional RL(GGD) one are as follows: 1. The UMRL module is a self-reacting tool. It can be used in
DC of various diameters and wall thicknesses by placement of the RL module in a whole DC (without
«windows» for GGL). 2. Increasing the informativity. Several RL methods can perform on the basis of
same n-source. The informativity of the UMRL module is increased by the fact that the 2NGL device
has been added to the device 2NNL. 3. The use of the ®*Co isotope as a y-ray source for GGL. Due to
the higher energy, y-rays of ®*Co source have an increased penetrating power and also provide a slightly
increased depth of investigation. However, iron walls of DC impair the efficiency of y-rays in
determining density by DGGL. That is why wall thickness of DC for DGGL method should be limited.
4. Increasing the accuracy of DNGL and DGGL results by placing a y-ray detector in the RL module to
take into account the contribution of the y-background from the natural radiation of rocks. 3.
Implementation of UMRL module in the form of two submodules with a connector, whereby both
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submodules are connected when establishment the module in DC before LWD. The application of two
small-sized and lightweight submodules, which are placed in a protective housing of a sufficiently small
diameter, makes the proposed RL module usable and technological effectiveness (compared to the «DC-
tool») when performing the entire cycle of work related to LWD. The housing has a diameter of 48 mm
and is made of titanium; the length and weight of each of the submodules is approximately 2 m and 15 kg.

Example of determining the parameters of reservoirs in horizontal oil borehole

Horizontal boreholes along previously known (from earlier investigations) oil beds are obtained by
drilling branch holes from existing vertical boreholes of oil fields. The UMRL module was tested
when LWD in a number of horizontal oil boreholes. Efficiency checking LWD measurements was
performed by control logging in an open hole with Schlumberger combined tool PEX (Schluberger,
2001). Fig. 2 shows the results of determining the parameters of rocks by UMRL module when LWD
in a horizontal borehole and corresponding data by PEX tool after drilling.
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Figure 2 Rock parameters by logging data in horizontal borehole. 1 — true vertical depth (TVD),
2 — bit diameter (152 mm), 3 — caliper log, 4, 4' — mass shale content by GR, 5, 5' — porosity by 2NNL,
6, 6'—density by 2GGL, 7 — density by INGL,; 4-7 (==) — results of UMRL, 4'-6' (==) — control logging by PEX

According to a priori data, the rocks are represented by clean and dolomitic limestone, as well as
intervals of shale rocks. Reservoirs have porosity up to ~ 20 % and high oil saturation (up to ~ 80 %),
formation water salinity is ~ 100 g/l. The interval of investigation is 500 m, with the vertical depth
practically does not change (log curve /). The diameter of DC is 120 mm, the bit diameter is 152 mm
(log 2), the depth of caverns in shale formations by PEX data reaches ~20 mm (log 3); in some
intervals of porous formations, the filter cake is observed. The mass shale content Cq (log 4) was
determined by the GR data of the UMRL module. The value of shale content Cq, by the LWD data
coincides with the control data of the PEX tool (curve 4'). The neutron porosity of rocks ¢™ (log 5)

was determined while drilling by the compensated neutron logging method. The LWD neutron
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porosity practically coincides with the corresponding control result in the open hole (curve 5'). The
rock density was determined by the near/far sonde ratio of the 2GGL device of the UMRL module
(log 6). Compared to the density obtained by the PEX tool in an open hole (curve 6'), the LWD density
is qualitatively matched, but mostly overestimated. Quantitative differences can be caused by the use of
calibration function with a different hole diameter in the model than the LWD diameter, as well as
changes in the near zone that occurred after drilling. Using newly developed method of density NGL
(Kulyk et al., 2023), the rock density was determined by the near detector readings of the 2NGL
device of the UMRL module and the effect of shale content was taken into account (log 7). Density
curve 7 by DNGLA+GR is in good agreement with the control curve 6'.

Conclusions

1. The universal apparatus module UMRL was proposed, developed and produced as pilot sample. The
module is aimed to determine the parameters of oil-and-gas reservoirs while drilling vertical, deviated and
horizontal holes. 2. The universality of the new RL module lies in the possibility of carrying out LWD
measurements by high-informative RL combination for all used drill collars. 3. The main innovation in the
creation of the UMRL module is the NGL device and its use to determine the density. 4. Besides the
device of density NGL, the UMRL module contains the 2NNL device to determine neutron porosity, the
2GGL device to estimate density (for relatively small boreholes), gamma-ray logging device to determine
shale content and to make a correction for shaliness. 5. The combination usage of RL methods makes it
possible to additionally determine other parameters (true porosity of gas reservoirs, open and closed
porosities, nature of saturation, factors of fluid saturation). 6. Measurements by the developed UMRL
module showed the high efficiency of its usage. Examples of comparison of the reservoir parameters,
obtained using the module, with the data of independent measurements by PEX tool, carried out in the
same boreholes after drilling, showed a qualitative consistency and a quantitative convergence of the results.
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