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

The LWD is particularly important for horizontal boreholes, obtained by directional
drilling from vertical boreholes into predetermined hydrocarbon reservoirs. Horizontal
boreholes allow multiplying the yield of hydrocarbons, increasing overall production, and
using effectively both new vertical boreholes and exploited ones, as well as old boreholes.
The opportunity of horizontal drilling to local (isolated) deposits, which are at a certain
distance from vertical boreholes, is of also essential importance. All these factors are fa-
vourable for increased hydrocarbon production, which is of great significance for Ukraine.

This paper concentrates on the apparatus developments aimed at creating a new mo-
dule 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 tool
implements neutron-neutron logging, neutron-gamma logging, gamma-gamma logging,
and gamma-ray logging. It allows a direct and combined determination of a broad set of
petrophysical reservoir parameters.

The advantages and disadvantages of the known nuclear logging modules for the LWD
have been analyzed, and the features and merits of the proposed one are shown. During
the laboratory and borehole operations with a pilot sample of the module, trends for its
improvement were outlined.

As an example of using the new module for LWD, the results of determining the pet-
rophysical parameters of oil reservoirs of varying lithology in three horizontal boreholes
are given. The process of LWD measurements demonstrated high technologicness and
efficiency of the module. Comparison of the obtained parameters of the reservoirs with
the data of independent measurements carried out in the open hole of the same boreholes
using the PEX tool (Schlumberger) showed a qualitative consistency and a quantitative
convergence of the results.

Key words: oil-and-gas borehole, logging-while-drilling, combination of radioactivity logging
methods, universal apparatus module, petrophysical parameters of reservoir.
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Introduction. Until relatively recently,
wireline logging was the basic technology
of geophysical investigations in oil-and-gas
boreholes (open and cased ones). Since the
end of the last century, logging-while-drilling

(LWD) has come into wide use for determi-
ning the petrophysical and other parameters
of oil-and-gas reservoirs. In many cases, the
LWD has undeniable advantages over wire-
line and other types of logging.
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The main merits of LWD are the measure-
ment results being obtained and transmitted
in real time; the formations remaining practi-
cally undisturbed (missing or minimal invad-
ed zone, absence of mud cake and clogging
zone, low rugosity); obtaining results in bore-
holes that need immediate casing; efficiency
and significant reduction of the costs; gain
in time, especially for the vertical deep (~4—
6 km)1 and ultra-deep (over ~6 km) boreholes.

The LWD measurements are important in
horizontal boreholes, obtained by directional
drilling from vertical boreholes into prede-
termined reservoirs. In this case, LWD is per-
formed in layers with approximately known
general data: occurrence depth, bed thick-
ness, extension, lithology, nature of saturation
(oil, gas), as well as supposed reservoir prop-
erties— approximate porosity, assessed oil or
gas saturation factor, water salinity in pores,
etc. All these and other data and properties
are subject to a more accurate determination
while drilling a horizontal borehole.

Horizontal boreholes allow an increase
the yield of hydrocarbons 3—4 times (and in
some cases by dozens of times), larger overall
production, and efficient use of new vertical
boreholes and exploited ones, as well as old
boreholes. The opportunity of horizontal dril-
ling to local (isolated) deposits, which are at
a certain distance from vertical boreholes, is
also important. All these factors bolster hyd-
rocarbon production, which is exceedingly
important for Ukraine.

This paper concentrates on the develop-
ments performed at the Institute of Geophy-
sics of the National Academy of Sciences of
Ukraine (IGPh), including in close coopera-
tion with LLC «Ukrspetsprylad». The work
aims to create a new universal apparatus
module of radioactivity logging (UMRL) for
investigating oil-and-gas reservoirs during
LWD. The module can be used in drill col-
lars (DC) of various diameters and wall thick-
nesses while drilling vertical, deviated, and
horizontal boreholes. The developed univer-
sal module contains a set of RL devices: du-
al-spaced neutron-neutron logging (2NNL),

1 .
Here and elsewhere sign «~» corresponds to «about».
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dual-spaced neutron-gamma logging (2NGL),
dual-spaced gamma-gamma logging (2GGL),
and gamma-ray logging (GR). It allows de-
termining more petrophysical parameters of
oil-and-gas reservoirs during LWD.

As an example of using the UMRL, the re-
sults of determining the petrophysical para-
meters of oil reservoirs in horizontal boreholes
in beds of different lithologies are given. In par-
ticular, the advantages of the proposed density
neutron-gamma logging (DNGL method) are
compared to density gamma-gamma logging
(DGGLmethod). The LWD results were com-
pared with independent measurements by the
PEX tool (Schlumberger) in the same bore-
holes after drilling.

1. Features of logging-while-drilling. Log-
ging-while-drilling is different from wireline
logging in many ways. The logging speed of
LWD is uniquely related to the penetration
rate, making it relatively slow and irregular
(~10—80 m/h). The low speed provides to an
increase in the statistical accuracy of radio-
activity logging; significant homogeneous
intervals of the formation being investigated
in the case of horizontal boreholes are also
favorable for it.

If necessary, the trajectory of a horizontal
borehole can be purposefully changed while
drilling. For this, it is necessary to control
the making borehole within the selected bed
and the relationship between the length of
the borehole (measured depth) and the true
vertical depth of the drill bit position. Basic
LWD data are transmitted in real time using
special telemetry, and the complete informa-
tion is recorded in a memory unit.

While drilling, measuring devices are ex-
posed to strong mechanical loads (vibration,
shock, torsion) for a long time. This imposes
high demands on the components and their
mounting, requires special shock absorbers,
and the like.

The key feature of LWD is related to the
necessary obtaining information about the
properties of formations in the presence of
a thick-walled drill collar (J from ~100 to
~200 mm) with a wall thickness of ~15—60 mm
and with an internal diameter of ~70 mm. The
DC is the bottom of the drillstring; the mo-
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dules of radioactivity logging, induction log-
ging, acoustic caliper, etc., are placed in DC
at certain distances from the drill bit.

2. Conventional modules of nuclear logging
for logging-while-drilling.

2.1. Module of radioactivity logging based
on GGL and NNL. When investigating the
oil-and-gas reservoirs while drilling with the
help of radioactivity logging, it is common to
employ the neutron-neutron logging (NNL)
to determine the neutron porosity and the
gamma-gamma logging (GGL) to determine
the density and estimate lithology [Allen et
al., 1989; Logging-While-Drilling. .., 2002; Ellis,
Singer, 2008]. We will denote the appropri-
ate module of radioactivity logging (RL) for
LWD with «windows» in the drill collar as
the RL(GGD) module (where GGD stands for
gamma-gamma density).

The device for implementing the NNL
method contains a polyenergetic AmBe
source of fast neutrons and two thermal neu-
tron detectors (a 2NNL device). In a 2GGL de-
vice, there are '¥'Cs gamma-ray source (E()y:
=0.662 MeV) and two gamma-ray detectors.

A RL(GGD) module was made by placing
the 2NNL and 2GGL devices in drill collars of
various diameters (depending on the whether
the drilling borehole was vertical, deviated, or
horizontal). The devices were built into the
drill collars which simultaneously served as
protective housings for the RL modules. The
2NNL device is placed on the section of the
whole drill collar, and for the 2GGL device,
special «windows» are equipped opposite the
source and detectors of gamma rays.

The «windows» made in the steel pipe fa-
vor the penetration of gamma rays from the
37Cs source into the rock and the transmis-
sion of Compton and low-energetic gamma
rays from the rock to the 2GGL detectors.
The windows and the 2GGL device pressed
against the DC wall establish favorable con-
ditions for determining the formation density
by detecting gamma rays scattered by elec-
trons and estimating lithology using the pho-
toelectric factor.

With the described design of the RL mo-
dule, the drill collar with devices built into it
serves as the measuring tool for LWD («DC

tool»). This leads to a need for a set of ex-
tremely heavy and bulky «DC tools», thus
complicating LWD measurements, calibration
of RL devices, transportation, and the like. For
example, the «DC-tool» LWD-ADN [Logging-
While-Drilling..., 2002] weighs 907 kg and has
a length of 6.62 m.

The informativity of the methods used in
the conventional RL(GGD) module is not al-
ways sufficient to determine the necessary
petrophysical parameters of oil-and-gas re-
servoirs. For example, the absence of a GR
detector in the RL module makes it difficult to
obtain parameters of shaliness and porosity of
reservoirs, considering the shale's hydrogen
index. Also, this does not allow correcting for
the natural gamma radiation.

The insufficiently high initial energy of
the "¥'Cs source leads to some decrease in
the already low depth of investigation using
the GGLmethod. This lowers the accuracy of
density determination due to standoff, com-
position change of the borehole mud during
drilling, during the invasion of the mud fil-
trate, etc.

2.2. Module of nuclear logging based on
pulsed neutron generator. Essential limi-
tations of the GGD (in particular, the small
depth of investigation and so high sensitivity
to borehole factors) and a desire to replace
radioactive chemical sources of neutrons and
gamma rays with safer ones, prompted the
search for other ways to measure the density
and other parameters during the LWD.

The neutron-gamma method for deter-
mining density (neutron-gamma density,
NGD) using a pulsed D-T neutron source
(Ep,=14.1 MeV) was developed [Yu et al.,
2011; Allioli et al., 2013; Reichel et al., 2013;
Tkabladze et al., 2017]. Together with the
NGD method, one can simultaneously de-
termine the hydrogen index (neutron poro-
sity, ¢,), the thermal neutron capture cross-
section ), and the content of individual
elements (elemental capture spectroscopy)
[Reichel et al., 2013].

Based on a pulsed neutron generator, the
nuclear logging module (NL(NGD)) is built
into a single-piece (7.9 m) drill collar («DC
tool») [Reichel et al., 2013].
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Fast neutrons from the D-T generator pass
almost freely through the DC wall and, at an
energy above the threshold, interact inelasti-
cally with the nuclei of rock elements. Excited
nuclei drop back to the ground state, emitting
high-energy gamma rays (Ey£7.1 MeV). The
primary distribution of these gamma rays in
the rock has the shape of a spatially inhomo-
geneous «cloud» [Allioli et al., 2013], which
takes up a certain, relatively large volume of
therock and serves as a source of high-energy
gamma rays when determining the density
(instead of a point source of 7Cs in the GGD
method).

After a series of Compton scatterings on
the rock's electrons, these gamma rays pass
through the DC wall and are recorded by the
detectors. The count rate of these detectors
is related to the rock's density.

The main geophysical advantage of the
NGD method over the GGD method is a sig-
nificant (~2.5 times) increase in the depth
of investigation (up to ~25 cm) [Yu et al.,
2011; Allioli et al., 2013; Reichel et al., 2013;
Luycx, Torres-Verdin, 2019] due to the two-
component neutron-gamma field expanded
in the rock volume and the use of high-energy
gamma rays.

Because of the greater depth of investi-
gation of the NGD method, the influence of
the near zone and related factors is reduced.
However, inaccuracies in determining the
density by the NGD arise due to the compli-
cated interaction of the neutron-gamma field
components with some constituents of the re-
servoirs (shales, mineralized pore water, gas).

In general, together with certain merits
and, in some cases, successful application of
the NGD, there are certain disadvantages [Yu
etal., 2011; Reichel et al., 2013; Luycx, Torres-
Verdin, 2019]:

— density errors in total are somewhat
greater in comparison with the GGD method
performed under favorable LWD conditions;

—sonde readings are sensitive to standoff,
especially for large-size boreholes;

— uncontrolled parameters of the drilling
mud (cuttings, salinity, shale content) impair
the accuracy and sensitivity of measurements;

— accuracy of determining the density of
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shale reservoirs is significantly underestimated
(in shales, up to ~thrice) in comparison to the
GGD;

— the accuracy of measurements of the
density of gas reservoirs is unsatisfactory.

Another approach [Inanc, Gilchrist, 2013]
to determine the density using a D-T neutron
generator fundamentally differs from the con-
ventional NGD method. Here, the inelastic
neutron scattering and other (n, y) processes
based on the radiative capture of thermal neu-
trons are used as a source of gamma-rays.

According to [Inanc, Gilchrist, 2013], be-
sides the rock gamma rays, gammas from
specially selected materials inside the tool
(for example, graphite and cadmium) are
sources when determining rock density. This
approach is acceptable for open and cased
boreholes since the corresponding tool must
have a relatively large diameter. However, it
is inefficient for conditions of the LWD mea-
surements.

3. Universal module of radioactivity log-
ging for performing IWD. We proposed [Ku-
lyk, Bondarenko, 2021; Danyliv et al., 2022] a
new approach to create an RL module for the
LWD. The module realizes four RL methods:
NNL, NGL, GGL, and GR. The module ope-
rates in whole (windowless) drill collars of all
diameters and wall thicknesses when perform-
ing the LWD of vertical, deviated, and horizon-
tal boreholes. Such a module is called here the
universal module of radioactivity logging for
the LWD (UMRL). The method for determining
the density by the NGL [Kulyk et al., 2023] will
be denoted by DNGL, and the method of den-
sity GGL (in a drill collar without windows), by
DGGL.

3.1. Universality of module. The new mo-
dule for investigation of oil-and-gas reservoirs
while drilling has properties of a universal na-
ture, which are as follows:

— the LWD measurements in boreholes of
all types for all used DC do not require special
«windowsy;

—itis possible to determine more petrophysi-
cal parameters of reservoirs using a combina-
tion of the RL methods (also applying induction
logging) — shaliness (shale content, clay con-
tent), neutron and true porosity (including gas
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reservoirs), open and closed porosity, bulk den-
sity, nature of saturation (water, oil, gas), oil-
saturation and gas-saturation factors, mine-
ralization, lithology, etc.;

—itis possible to determine the rock densi-
ty by the proposed density NGL method (with
the corrections related to the characteristics
of formations) for all borehole diameters and
for all diameters and wall thicknesses of drill
collars are used for the LWD;

— the radioactivity logging is efficiently
combined with the induction logging due to
the high depth of investigation of the NGL,;

—the specific design of the module is favo-
rable for all work stages, from manufacturing
to graduation, transportation, and the LWD
measurements.

3.2. Features of UMRL module. The main
differences between the proposed UMRL mo-
dule and the traditional RL(GGD) one are the
following.

1. The UMRL module is a self-reacting tool
(independent of a specific DC), i.e., it can be
used in DC of various diameters and wall thick-
nesses by placing the RL module in a whole
drill collar (without specially equipped «win-
dows» for the GGL). The compact self-reac-
ting RL module includes dual-spaced devices
2NNL, 2NGL, and 2GGL, and a GR detector
which also permits recording the gamma-ray
background (GB) of the GGL and NGL detec-
tors. All devices are optimally mounted in a
protective housing of small diameter. The RL
module is inserted into the DC directly before
the LWD measurements.

2. Increasing the informativity of the uni-
versal RL module.

Several RL methods can be implemented
using the same source of fast neutrons. The
informativity of the UMRL module is increased
by the addition of the 2NGL device to the de-
vice 2NNL.

The use of the density NGL method, which
has a relatively high depth of investigation,
significantly reduces the effect of local he-
terogeneities and inhomogeneities associated
with the borehole. This permit (upon correct-
ing for the rock properties) to determine the
true density and porosity of formations for all
drill collars, including the thick-walled ones.

3. Using the ®°Co isotope as a gamma-ray
source for the GGL.

®Co (Ep,~1.17 and 1.33 MeV) emits gam-
ma rays of much higher energy than '*’Cs
employed in the traditional GGD device (see
subsection 2.1). Due to the higher energy, the
gamma rays of ®’Co source have an increased
penetrating power and provide a slightly in-
creased depth of investigation. However, a
high-density layer (iron walls of drill collar)
impairs their efficiency in determining rock
density by the DGGL method; thus, the wall
thickness of a drill collar for this method
should be limited.

4. Increasing the accuracy of the DNGL and
DGGLresults during the LWD measurements
by placing a gamma-ray detector in the RL
module to take into account the contribution
of the gamma-ray background (GB device, the
very same GR sonde).

It is reasonable to place the GB detector
between the far detectors of the 2GGL and
2NGL devices, provided no interference from
the gamma-ray and neutron sources. In this
case, it is advisable to choose all three adja-
cent gamma-ray detectors of the same type
and with the same setting.

5. Implementing a universal (applicable for
drill collars and boreholes of all diameters)
UMRL module in the form of two submodules
with a connector, whereby both submodules
are connected when establishing the module
in the drill collar before LWD.

The application of two small-sized and
lightweight submodules, placed in a protec-
tive housing of a sufficiently small diameter,
makes the proposed RL module usable and
technologically effective (compared to the
«DC tool») when performing the entire cycle
of work related to the LWD measurements.

6. To improve the statistical accuracy of
measurements and increase the penetrating
power of radiations, in the ideal case, it is ad-
visable to make the protective housing of the
RL module from different materials, rather
than homogeneous (iron, titanium). One of
these materials should be favorable for neu-
trons (for example, reactor zirconium), and the
other one, for the gamma rays (for example,
beryllium bronze).
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Fig. 1. Scheme of the optimal configuration of the universal UMRL module: I — rock; II — direction of mud cir-
culation; III — direction of drilling; I — drill collar (1.1 — centralizer-stabilizer); 2— RL module (2.1 — protective
housing of module; 2.2 — connector of submodules; 2.3 — centralizer-shock absorber); 3 — submodule 2GGL+GR
(3.1—gamma-ray source, 3.2; 3.3—near and far gamma-ray detectors of the 2GGL device; 3.4 — gamma-ray detec-
tor of the GR device); 4 — submodule 2NNL+2NGL (4.1 — neutron source, 4.2; 4.3 — near and far neutron detectors
of the 2NNL device, 4.4; 4.5 — near and far gamma-ray detectors of the 2NGL device).

The module is centered in the drill collar, which, in turn, is centered in the drilling borehole.

3.3. Scheme of the optimal variant of the
module and its embodiment. The construc-
tion optimality of the UMRL module consists
of minimization of length, dividing it into two
submodules, and optimizing the placement of
sources and detectors.Three configurations
are possible for the DNGL method:

1) 2NGL device with both detectors behind
the far detector of the 2NNL device [Danyliv
et al., 2022];

2) 2NGL device with the near NGL detec-
tor between the 2NNL detectors, and the far
NGL detector behind the far detector of the
2NNL [Kulyk et al., 2023];

3) INGL device with the gamma-ray de-
tector following the far detector of the 2NNL
[Kulyk, Bondarenko, 2021].

Hereafter, the first configuration is accep-
ted as the main one.

Fig. 1 shows a scheme of the optimal vari-
ant of the universal UMRL module.

The distance between the neutron source
and the GR (GB) detector should be enough
that the gamma rays from the radiative cap-
ture of neutrons do not affect the GR (GB)
detector readings. Accordingly, the distance
between the gamma-ray source and the de-
tector must be sufficient to escape the influ-
ence of the gamma-ray source.

The UMRL module is inserted into the
whole drill collar before carrying out the LWD
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Fig. 2. Pilot sample of the universal UMRL module: I —
submodule 2GGL+GR, 2 — submodule 2NNL+2NGL,
3 — power supply unit, 4 — software unit.

and centered in the DC with the help of cen-
tralizer-shock absorbers; in addition, the DC
itself is centered in the borehole by means of
centralizer-stabilizers.

Fig. 2 shows a photo of a pilot sample of
the universal module UMRL, produced by the
company «Ukrspetsprylad» with the partici-
pation of IGPh. The housing has a diameter
of 48 mm and is made of titanium; the total
length of the module is ~4 m, and the weight
is ~30 kg; the length and weight of each sub-
modules is approximately 2 m and 15 kg.

3.4. Metrological aspects related to the
UMRL module. We will use the following
definitions and terms when measuring with
the universal module of radioactivity logging.

Absolute readings are count rates (counts
per second, cps) by detectors of devices of
RL module: /" is count rate of gamma-rays
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by GR detector (which is also a detector of

gamma-ray background, GB); /;" is neutron
detector count rate of 2NNL device (i=1; 2);
I =17 -I" is gamma-ray detector count
rate of 2NGL device minus the GB (i=1; 2);
I"=I1""-I" is the gamma-ray detector
count rate of 2GGL device minus the GB
(i=1,; 2).

Relative readings are readings in conven-
tional units (c.u.). These readings may be
used when plotting logs for individual sondes
of devices of the universal RL module:

B™=1™/15% B =117

1

BlwzllW/[(\)(j’i'izl,Z, (1)

where B, B'", B! are dimension less rela-
tive readings of 2NNL, 2NGL, and 2GGL de-
vices expressed in conventional units /y; , /],
1%, respectively.

For the conventional units, it is appropriate
to take the detector count rates of the 2NNL,
2NGL, and 2GGL devices in freshwater («wa-
ter» units). It is advisable to obtain «water» units
using the system «drill collar together with RL
submodule» when the relevant submodule is
centralized in the piece of the drill collar. This
piece must correspond (in diameter and wall
thickness) to the drill collar used in drilling. It
should also be noted that conventional units /) ;
in all cases must be obtained with the same neu-
tron and gamma-ray sources used for logging.

It is common practice to express the rea-
dings of the GR device in the form of GR in-
dex (relative difference parameter) Al":

A= (1 =1 ) (T =) . (@)

where I!. and I, are the GR device rea-
dings for reference formations with minimum
and maximum gamma-ray activity, respec-
tively.

Along with relative readings (1), in some
cases, it makes sense to use inverse relative

. _ —1,
readings 4,=(B;) :
AT =1, A =11
AV =101 i=1,2, (3)

We use the direct and inverse relative rea-

dings of individual sondes when determining
the petrophysical parameters of the reservoirs. In
addition, using inverse readings, in some cases,
it is possible to evaluate the quality of the log-
ging performed or to identify incorrect results
and to find how to correct them.

An important parameter of dual-spaced RL
devices (2NNL, 2GGL, 2NGL) is the ratio of the
readings of two sondes, usually near-spaced to
far-spaced ones. When interpreting logging
data, this ratio is used in two variants.

Variant 1 is the ratio of absolute readings,
i.e., the ratio of near-to-far count rates of the
corresponding RL devices of concrete tool:

R™ =™/ R =17 /IV,
R =1"/17, (4)

Variant 2 is the ratio of inverse relative
readings (3) A=A4,/A,=B,/B,:

cm 1““/1 AT =y Iy
M=t/ (5)

where C is the ratio of far-to-near readings of
dual-spaced RL devices in a freshwater tank
together with a drill collar.

All variants of relative readings are conve-
nient because they have compensation pro-
perties; in particular, they donot depend on the
strength of neutron and gamma-ray sources.

Generally, by readings, we will contextu-
ally mean any of the above specific terms.

We will also use, following [Lobankov,
2016], the following terms: «graduation cha-
racteristic» and «calibration function».

By graduation characteristic, we will mean
the dependence of the readings for a specific
device of the UMRL module in the geometric
conditions of LWD on the standard values of
a given petrophysical parameter.

For example, the graduation characteristic of

the NNL sondes ;" (¢) is the approximate de-
pendence of the neutron count rate by the near-
spaced sonde (i=1) and the far-spaced sonde
(i=2) on the porosity values ¢, ¢, ¢3,... of the
working medium of physical models (including
a tank with fresh water). In so doing, the models
are equipped with boreholes and centralized
DC. The graduation characteristic can also be
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presented in relative readings, inverse relative
readings, near-to-far readings ratio, etc.

The graduation characteristics of the de-
vices of the universal module UMRL were
obtained using full-scale standard physical
models of limestone and sandstone forma-
tions equipped with different diameter bore-
holes into which the corresponding drill col-
lar was inserted. In particular, the borehole
and drill collar diameters should agree with
the geometrical parameters of the horizontal
well planned for drilling.

The following working material was used
for the models: a monolith of pure limestone
and the crushed-down limestone of various
fractions saturated with fresh water (poro-
sity $=0.8; 15.9; 35.2 %; density p=2.70; 2.44;
2.11 g/cm3); a quartz monolith and different-
grain quartz sand saturated with fresh water
($=0.0; 16,6; 32.5 %; p=2.65; 2.38; 2.12 g/cm®);
a freshwater tank with drill collar centralized
in it ($=100 %; p=1.00 g/cm?).

The calibration function is the dependence
of a measured petrophysical parameter on the
readings of a given RL device. The calibration
function is defined as the inverse function
of the graduation dependence and is used
to obtain reservoir parameters during LWD
measurements.

Note that the desired petrophysical pa-
rameter does not necessarily coincide with
the true one, since the borehole conditions
of measurements can differ significantly from
measurements on the standard physical mo-
dels, which are used for determining calibra-
tion function. In such cases, it is necessary to
apply the appropriate corrections to obtain
the true parameter; also, additional measure-
ments on the models are appropriate.

The calibration functions are constructed
individually for each specimen of the one-
type RL module [Lobankov, 2016]. In doing
so, the errors of each individual calibration
function of the corresponding devices should
be estimated, including the errors of physi-
cal models, the errors of approximation of
the graduation characteristic and calibration
function, etc.

3.5. Graduation characteristics of UMRL
module. Graduation characteristics of the pilot
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sample of universal module UMRK for LWD
were obtained on full-scale physical models of
limestone and sandstone formations saturated
with fresh water. The drill collar was centered in
the borehole, and corresponding submodules
of 48 mm in diameter were centered in the drill
collar. Other geometric parameters: borehole
diameter (d), drill collar diameter (dp), DC
wall thickness (Apc), gap between wall of
borehole and DC (Ag) are the following:
1) dy=124 mm, dp=99 mm, Ap=15 mm,
Ag=12.5 mm,;

2) d,=156 mm, dp=120 mm, Ap-=26 mm,
Ag=18 mm;

3) d,=216 mm, dp=132 mm, Ap-=32 mm,
Ag=42 mim.

Graduation characteristics 1 and 2in Fig. 3
correspond to the range of geometric para-
meters for deviated and horizontal boreholes;
dependencies 3 refer to vertical boreholes.

Graduation characteristics (Fig. 3) for de-
vices of the UMRL module demonstrate the
following.

1. GRindex AI" (Eq. 2) as a function of the
total mass shaliness of rocks (Fig. 3, a) does
not depend on the lithology. It is the same for
all combinations of borehole diameter, wall
thickness, and diameter of the drill collar.

2. The near/far sonde ratio of 2GGL de-
vice R (Eq. 4) as a function of the bulk den-
sity of rock (Fig. 3, b) weakly depends on the
lithotype of the reservoir. However, it is very
sensitive to the geometric parameters of the
drill collar and the borehole (cf. curves 1, 2, 3).

The sensitivity of the ratio R to density
falls sharply with an increase in the borehole
and drill collar diameters due to the shallow
depth of investigation of the GGL. In particu-
lar, for a vertical borehole (curve 3), the sen-
sitivity is so low that it is practically impos-
sible to determine the reservoir density. This
indicates that in the considered embodiment
of the 2GGL device, the density GGL method
actually works only for relatively small bore-
hole diameters (i.e., for horizontal and devi-
ated boreholes).

The graduation characteristics of the 2GGL
device show that even a slight difference (mil-
limeters) in the geometry of LWD measure-
ments from the model parameters results in
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significant errors in the determined density
for horizontal boreholes. Therefore, it is nec-
essary to strictly adhere to the identical geo-
metric conditions of modeling and LWD or to
develop appropriate corrections that lead to
the same geometric conditions of measure-
ments.

3. Graduation characteristic of the compen-
sated neutron logging method (CNL), which
uses dependence of near/far sonde ratio of
2NNL device R" (Eq. 4) on porosity, is shown
in Fig. 3, c.

Graduation characteristics of CNL, regard-
less of geometry, are relatively close for both
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reservoir lithotypes and depend much more
heavily on the geometrical parameters of the
drill collar and the borehole, especially at
high porosities (curves I, 2, 3). At the same
time, the overall sensitivity of R" readings
to porosity is high enough, almost the same
for limestone and sandstone for each set of
geometric parameters, and relatively weakly
depends on the diameter of the borehole and
drill collar.

In general, as a benefit of the sufficient
depth of investigation of NNL, the CNL me-
thod for determining (neutron) porosity opera-
tes well when the LWD measurements for all
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Fig. 3. Graduation characteristics of the UMRL module: a— GRindex Al versus mass shaliness Cy,; b— near/far sonde
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of borehole and drill collar diameters, i.e. for

vertical, deviated and horizontal boreholes.
4. Graduation characteristics for the DNGL

method as a dependency of near-spaced sonde

readings of 2NGLdevice 4;" (Eq. 3) on density
is shown in Fig. 3, d.

The total sensitivity of readings to density
is high enough in all cases for each lithotype
and all diameters of boreholes and drill col-
lars. Due to the high depth of investigation
of the NGL method, a slight difference in the
geometry of LWD measurements from the
model ones does not affect the accuracy of
density determination.

The results of the determination of density
by the NGL method depend heavily enough
on the formation lithotype, which must be
taken into account in the LWD measurements.

The density NGL method for LWD measure-
ments in the considered version is effective for
horizontal and deviated boreholes as well as
for the vertical ones.

The presented results for the near-spaced
sonde of the 2NGL device show the possibi-
lity of a universal and accurate enough de-
termination of the density of reservoirs by
the density NGL method in a single-spacing
version, which we proposed [Kulyk et al.,
2023]. At that, the length of the near-spaced
sonde (60 cm) lies in the range of the maxi-
mum information depth of the NGL method
[Larionov, 1969; Kantor et al., 19895].

We also note the following. Experimental
work on physical models physical models and
subsequent LWD measurements showed that
the far-spaced sonde (80 cm) of the 2NGL de-
vice does not give positive results when de-
termining the density individually or in com-
bination with the near-spaced sonde. Thus,
the big sondes are not efficient for the NGL
method under LWD; therefore, it is necessary
to abandon the use of such sondes in LWD
measurements in the future.

For this reason, in the future, it is neces-
sary to create and carefully study the 2NGL
device in configuration 2 (see subsection 3.3)
with the near NGL detector put between the
detectors of the NNL device.

In the next section, to obtain the petro-
physical parameters of the reservoirs under
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LWD of horizontal boreholes, the gradua-
tion characteristics of the devices of the
UMRL module with a sign of 2 (d,=156 mm,
dpc=120 mm) in Fig. 3 were used. The corres-
ponding calibration functions are obtained
from graduation dependencies 2 as inverse
functions of these dependencies.

4. Examples of determining the parame-
ters of reservoirs in horizontal oil boreholes.
Horizontal boreholes along previously known
(from earlier investigations) oil beds are ob-
tained by drilling branch holes from existing
vertical boreholes of oil fields.

The UMRL module was tested under LWD
in a number of horizontal oil boreholes. The
efficiency of LWD measurements was evalu-
ated in two boreholes by control logging in
an open hole with Schlumberger combined
PEX tool [Platform..., 2001].

It should be noted that logging after drilling
is done in somewhat different conditions: the
depth of caverns in shale formations may be
increased, the invaded zone of mud filtrate may
be expanded, the filter cake may be formed, the
parameters of the drill mud may be changed,
etc. In addition, the PEX tool has a relatively
large diameter and lies on the borehole wall
whilelogging. Therefore, some results a priori
may not coincide in an open hole and under
LWD, regardless of the measurements' accu-
racy.

4.1. Parameters of carbonate formations
and the comparison of results by the UMRL
module during LWD and PEX tool in an open
hole.

Borehole Ne 1. Fig. 4 shows the results of
determining the parameters of rocks by UMRL
module when [WD in a horizontal borehole and
corresponding data by PEX tool after drilling. Ac-
cording to the a priori data, the rocks are rep-
resented by limestone, dolomitic limestone,
and intervals of shale rocks. The reservoirs
have relatively a low porosity (up to ~20 %)
and high oil saturation (up to ~80 %), and for-
mation water salinity is ~100 g/1.

The interval of investigation is 500 m, with
the vertical depth practically unchanging
(Fig. 4, a, 1). The DC diameter is 120 mm, the
bit diameteris 152 mm (Fig. 4, b, 2), the depth
of caverns in shale formations by PEX data
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reaches ~20 mm (Fig. 4, b, 3); in some intervals
of porous formations, filter cake is observed.
The mass shale content Cgy, (Fig. 4, ¢, 4)
was determined by the GR data of the UMRL
module using the corresponding calibration
function for index AZ,. The value of shale con-
tent Cy, by the LWD data coincides with the
control data of the PEX tool (curve 4").

The neutron porosity of rocks ¢™ (Fig. 4,
d, 5) was determined while drilling by the
compensated neutron logging method (CNL).
The LWD neutron porosity practically coinci-
des 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
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UMRL module (Fig. 4, e, 6). Compared to the
density obtained by the PEX tool in an open
hole (curve 6'), the LWD density is qualitative-
ly matched but mostly overestimated (up to
~0.05g/cm®in tight formations, up to~0.15 g/cm®
in porous formations). Quantitative differ-
ences can be caused by the calibration func-
tion with a different borehole diameter in the
model than the LTWD diameter and changes
in the near zone that occurred after drilling.
Using the newly developed method of den-
sity NGL, 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 (Fig. 4, f, 7).
Density curve 7by DNGL+GR agrees with the
control curve 6'.

Borehole Ne 2. The borehole logs in Fig. 5
were plotted based on the results of determi-
ning the rock parameters by the UMRL mod-
ule and PEX tool in a deviated-and-horizontal
borehole similar to the borehole Ne 1.

According to the a priori data, the rocks
are pure low-porous limestone, the oil satura-
tion of the reservoir is 80 %, and the formation
water salinity is ~100 g/1.
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2 — bit diameter (152 mm), 3 — caliper log, 4 — mass shale content by GR, 5 — porosity by 2NNL, 6 — density by
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in open hole.
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The interval of investigation is 400 m; at
that, in half of the survey section, the vertical
depth changes by 50 m; the inclination angle
of the borehole is ~70° (Fig. 5, a, ), and then
the borehole becomes horizontal. The DC
diameter is 120 mm, the diameter of the bit
used in drilling is 152 mm (Fig. 5, b, 2). The
PEX caliper log gives a borehole diameter of
~155—165 mm (curve 3).

The mass shale content (Cy,<5 %) was de-

termined according to the GR data by the
UMRL module (Fig. 5, c, 4).

Using the CNL method, the neutron po-
rosity of rocks (¢"<10 %) was determined
while drilling (Fig. 5, d, 5). The neutron po-
rosity by UMRL qualitatively agrees with the
corresponding control results of the PEX
(curve 5'), and quantitatively it is higher by
~1—2 %.

The rock density was determined accor-
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ding to the sonde ratio of the 2GGL device
of the UMRL module (Fig. 5, e, 6). Compared
to the density obtained by the PEX tool in an
open hole (curve 6'), the density by the 2GGL
is in qualitative agreement. However, quanti-
tatively, it is significantly overestimated (up
to~0.10—0.15 g/cm?’) due to the uncontrolled
influence of borehole factors.

The density of rocks by the near detector
readings of the 2NGL device of the UMRK
module (Fig. 5, e, 7) qualitatively and quan-
titatively corresponds to the control curve 6'
by the PEX data.

4.2. Parameters of terrigenous formation by
the data of UMRL module. The borehole logs
in Fig. 6 were plotted based on the results of
determining the rock parameters in a hori-
zontal borehole No 3.

According to the a priori data, the rocks
are terrigenous differences from pure sand-
stones to low-shale and shale ones. The re-
servoirs are characterized by low porosity and
high oil saturation; formation water salinity
is ~ 100 g/1.

The investigation interval is 300 m with a
drop of depth of 10 m (Fig. 6, a, 1). The dia-
meter of the DC is 120 mm; the diameter of
the bit used in drilling is 143 mm.

The mass shale content Cy, was deter-
mined according to the GR data by the UMRL
module (Fig. 6, b, 2); at some intervals, Cy
reaches ~30 and ~50 %.

Using the CNL method, the neutron poro-
sity of rocks ¢™ was determined while drilling
(Fig. 6, ¢, 3), and true porosity was determined
with the help of CNL+GR combination (log
curve 4); the true porosity is ~5—10 %.

The rock density was determined while
drilling according to the near/far sonde ra-
tio of the 2GGL device of the UMRL module
(Fig. 6, d, 5). The obtained density is signifi-
cantly overestimated (up to ~0.3—0.5 g/cm3)
and does not correspond to the density of ter-
rigenous rocks. This is largely because a cali-
bration function with a borehole diameter of
156 mm was used, while in LWD, the nominal
borehole diameter was 143 mm.

By the near detector readings of the 2NGL
device of the UMRL module, the density of
low-shale sandstones corresponds to their po-
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rosity, and the density of shaly rocks is sig-
nificantly underestimated (Fig. 6, e, 6). Ap-
plying a semi-empirical correction [Kulyk et
al., 2023] to the influence of shale content (log
curve 7) leads to the density according to
INGL+ GR, which corresponds to the a priori
data on rocks.

4.3. Summary of results of borehole tes-
ting. Surveys of carbonate and terrigenous
reservoirs of relatively low porosity (<20 %)
with high oil saturation (up to 80 %) and pore
water salinity of about 100 g/l in horizontal
wells were carried out. Based on the LWD
measurements done using the UMRL module
and comparison with the data of independent
logging in an open hole by the PEX tool, we
conclude the following.

1. The results of the GR and the corres-
ponding parameters of shaliness, obtained
under LWD and in uncased boreholes, com-
pletely coincide.

2. The neutron porosity by LWD and open-
hole logging in the same boreholes are in sa-
tisfactory agreement.

3. The rock density, determined from the
data of density GGL of the UMRL module,
is qualitatively consistent with the results of
the PEX tool but quantitatively overestima-
ted. This overestimation of density is largely
because the borehole diameters in the used
calibration function and under LWD are dif-
ferent; it leads to an error in density because
of the high sensitivity of the DGGL to near-
zone factors (shallow depth of investigation
of the GGL).

In thisregard, it is necessary to strictly ad-
here to the identical geometric conditions for
modeling and LWD or to develop appropriate
corrections that lead to the same geometric
conditions of measurements.

4. The density of the reservoirs according
to the data of the density NGL of the UMRL
module, taking into account the GR-correc-
tion for shale content, practically coincides
with the results of control measurements of
the density by the GGL of the PEX tool in the
open hole.

Conclusions. 1. The universal apparatus
radioactivity logging module (UMRL) was
proposed, developed, and produced as a pi-
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lot sample. The module is aimed to determine
the parameters of oil-and-gas reservoirs while
drilling vertical, deviated, and horizontal
boreholes.

The new module has high technologicness
at all stages of work related to logging-while-
drilling (LWD).

2. The universality of the new RL module
lies in the possibility of carrying out LWD
measurements by high-informative radioac-
tivity logging combination for all used drill
collars (without their special preparation, for
example, equipping «windows») by place-
ment of the module, as an independent tool
of small diameter, in the drill collar directly
before drilling.

3. The main innovation in the creation of
the UMRL module is the neutron-gamma log-
ging device (NGL) and its use to determine
the density of formations.

Due to the increased depth of investigation
of the NGLmethod, the influence of local he-
terogeneities and inhomogeneities associated
with the near zone is significantly reduced.
This provides (when making appropriate cor-
rections related to the properties of rocks)
the ability to determine the reservoir density
when LWD for all used drill collars (including
large-size boreholes).

In addition, the relatively high-depth NGL
method is rationally combined with electrical
methods, particularly induction logging.

4. Besides the device of density NGL, the
UMRL module contains the dual-spacing
neutron-neutron logging device 2NNL to
determine neutron porosity, the dual-spa-
cing gamma-gamma logging device 2GGL
to estimate density (for relatively small bore-
holes), gamma-ray logging device (GR) to
determine shale content and to make a cor-
rection for shaliness to obtain true porosity
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YHiBepcaarbHUH allapaTypPHUN MOAYAB PajAiOaKTUBHOTO
KapoTaXKy AAS AOCAIAKeHHSI Ha(pTOora3zoBuX KOAEKTOPiB
y npoueci OypiHHs

B.B. Kyauk, M.C. boapapeHnko, 2023

[acTuTyT reodizuku im. C.I. Cy6ootina HAH Ykpainu, Kuis, Ykpaina

Kapotaxx y nporeci 6ypinas (aura. logging-while-drilling — LWD) € Hali6iAbIII Tepepo-
BOIO TEXHOAOTI€I0 IPOMUCAOBOI I'e0(Pi3UKH i HIIMPOKO BUKOPUCTOBYETHCS AATI BU3HAUEHHS
neTpo(pi3NUYHMX Ta iHIIIUX TapaMeTpiB MOPiA-KOAEKTOPiB Ha(pTH i ra3y y BepTUKAABHUX,
IIOXUAUX i TOPU30OHTAABHUX CBepAAOBHHAX. OcobauBe 3HaUeHHI Mae LWD roprusoHTanb-
HHUX CBEPAAOBUH, SIKi OTPUMYIOTH HAaIIPIMAEHUM OYPiHHSAM 3 BEPTUKAABHUX CBEPAAOBUH Y
HallepeA BU3HAuUeHi TAaCTU-KOAEKTOPU BYTAEBOAHIB. [[OpM30HTaABHI CBEPAAOBUHU AQIOTh
3MOTy: 6araTOKpPaTHO 30iABIIUTHU A€OIT BYTAE€BOAHIB; MIABUIIUTU 3aTaAbHUU OOCSAT BUAO-
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OyBaHH4; ePeKTUBHO BUKOPUCTOBYBATHU K HOBI BEPTHUKaAbHI CBEPAAOBUHHY, TaK i Ti, 110
1epeOyBaOTh B €KCIIAYaTallil, @ TAKOK CBEPAAOBUHHU CTAporo (poHAY. BaXKAUBY POAE Bipirpae
MO>KAWBICTE ITABEAEHHS TOPU30HTAABHIX CBEPAAOBUH AO AOKAABHUX (130ABOBAHUX) IIOKAA-
AlB, IITO PO3MIIIIYIOTHCS Ha IIEBHIiM BIACTaHI Bip BEpTUKAaABHUX CBEPAAOBUH. Bei 1i hakTopu
CIIPUSAIOTH HAPOIIyBaHHIO BUAOOYBAHHS BYTA€BOAHIB, 1110 OCOOAUBO Ba*KAUBO AN YKPAIHU.

Y cTaTTi PO3TASHYTO arapaTypHi pO3pOOKHU IIJOAO CTBOPEHHSI HOBOI'O MOAYAS PaAlOaKTHB-
Horo kapoTtaxy (PK) aas LWD, yHiBepCaabHOTO B CEHCI MOSKAWBOCTI IOTO BUKOPUCTAHHS Y
TOBCTOCTIHHUX OypPUABHUX TPyOaX, 3aCTOCOBYBAHMX TP OYPiHHI BCIX BUAIB CBEPAAOBUH. Po3-
pOOAeHMN YHIBepCaAbHUYN MOAYAB PK peaniszye MeToAM HEMTPOH-HEUTPOHHOTO KapOTaXxXy,
HeUTPOH-raMMa KapoTaKy, TaMMa-raMMa KapoTaky Ta raMMa-KapoTaxy. Lle pae 3mory
BH3HAQYaTH IIPSMO i KOMIIAEKCHO HIMPOKMY HaOIp IeTPOdi3NYHUX ITapaMeTPiB KOAEKTOPIB.

BukoHaHO aHaAi3 IepeBar i HEAOAIKIB BIAOMUX MOAYAIB IA€PHOTO KapoTayky arst LWD,
IIOKa3aHO OCOOAMBOCTI i IepeBaru 3allpOIOHOBAHOTO MOAYAL. Y IIPOIleci AaDOPATOPHUX i
CBEPAMOBUHHUX POOIT 3 eKCIIEePUMEHTAABHUM 3Pa3KOM MOAYASI HAMideHO HaIlpsIMU UOTO
BAOCKOHAAEHHS.

SIK IpUKAa) BUKOPUCTAHHS HOBOTO MOAYAS AAd LWD HaBepeHO pe3yAbTaTH BU3HA-
YeHH4 IeTpo(i3NuHNUX NapaMeTpiB Ha(pTOBUX KOAEKTOPIB y IIAACTaX Pi3HOI AITOAOTII B
TPHOX TOPU30HTAABHUX CBEPAAOBUHAX. [Iporiec LWD-BuMiproBaHb MOKa3aB BUCOKY TEX-
HOAOTIUHICTB i epeKTUBHICTb MOAYAS. [TOPpIBHAHHS OTPUMaHUX lTapaMeTPiB KOAEKTOPIB 3
AQHMMM He3aAe>KHUX BUMIPIOBaHb, BUKOHAHUX Y BIAKPUTHX CTOBOYPaxX TUX CAMUX CBEPA-
AoBuH npusapoM PEX dipmu [lIaroMOeprke, MOKa3aAu AKiCHY Y3TrOAKEHICTb i KiABKICHY
30KHICTb PE3yABTATIB.

KarouoBi caoBa: HapTorazoBa CBEPAAOBHMHA, KAPOTayK y IIpolieci OypiHHS, KOMIIAEKC
METOAIB PaAIOAKTHBHOTO KAapOTaKy, YHIBEPCAABHUU allapaTypHUM MOAYAB, eTpOodi3nyHi
rmapamMeTpyu KOAEKTOPY.
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