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Abstract. The working environment in hot dry rock bore-
holes, encountered in deep geothermal investigation drilling
and ultra-deep geological drilling (up to 5000 m), is very dif-
ficult at the present stage. We have developed a drilling tra-
jectory measuring instrumentation (DTMI), which is based
on the interference fiber-optic gyro (FOG). This can work
continuously, for 4h, in an environment where the ambient
temperature does not exceed 270 °C and the pressure does
not exceed 120 MPa. The DTMI is mainly divided into three
parts: an external confining tube, a metal vacuum flask, and
a FOG measurement probe. Here, we focus on the mechan-
ical design, strength, and pressure field simulation analysis
for the external tube, the structural design and temperature
field simulation analysis for the vacuum flask, and the FOG
Shupe error analysis and compensation in the temperature
field. Finally, through the engineering applications of the SK-
2 east borehole of the China Continental Scientific Drilling
(CCSD) project and the geothermal well of Xingreguan-2,
the data measurements of the drilling trajectory were used to
analyze the stability of the DTMI. The instrument realizes
long-duration, high-stability work in the process of making
trajectory measurements in an ultra-deep hole. The instru-
ment has the characteristic of anti-electromagnetic interfer-
ence and enables work to be carried out in the blind zone of
existing technologies and instrumentation. Therefore, DTMI
has great potential in the promotion and development of ge-
ological drilling technology.

1 Introduction

With the recent rapid development of the national economy,
shortages in resources and energy have become major bar-
riers to economic development. In order to obtain more re-
sources and energy, we now need to explore deeper into the
Earth’s crust. Therefore, the depth of drill holes for mineral
resource exploration and extraction is constantly increasing.
Furthermore, geothermal energy and shale gas are considered
to be new “green energies” that can maintain sustainable de-
velopment, which is of both domestic and foreign concern.
Therefore, the development of drilling engineering, in the
field of high-temperature geothermal energy and shale gas,
is included in the development plan of China (Chen et al.,
2015). With increases in borehole depths, there is also an in-
crease in temperature. In general, the temperature gradient
for a normal formation is about 3°C/100m; the maximum
temperature of a 3000 m deep oil and gas well can reach over
100 °C. When the borehole depth reaches around 8000 m, the
temperature will reach 250 °C. In hot dry rock, areas of high
geothermal energy, and other areas with anomalous geother-
mal gradients, the temperature will be higher (Osipova et al.,
2015; Chen et al., 2015). When the depth of the borehole
(well) increases, the degree of borehole deviation also in-
creases. Borehole deviation will have a significant impact
on the quality of the borehole and construction safety. With
the increasing depth of deep mineral resource exploration
and geothermal resource exploration and development, the
drilling path or trajectory needs to be more and more accurate
(Xu et al., 1996). Therefore, borehole deviation and drilling
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Figure 1. Coordinate system of a borehole trajectory.

trajectory must be measured to provide technical support for
drilling construction.

One of the main technical problems in ultra-deep borehole
drilling construction is how to measure the drilling trajectory
in a high-temperature environment while ensuring measure-
ment accuracy. At present, the drilling trajectory measure-
ment technique is to measure the zenith angle of the hole’s
(well’s) body axis (the angle between the tangent of the well-
bore axis and the vertical), the azimuth angle (the direction
of the horizontal projection of the tangential line of the well-
bore axis), and the depth of the hole (the depth position of the
measuring point in the well). These three main geometric pa-
rameters are then used in an appropriate calculation method
to calculate the spatial position of the measured point indi-
rectly, so as to obtain the trajectory data for the hole (well)
(Xiao et al., 1989). Figure 1 shows the coordinate system of
a borehole trajectory.

As shown in Fig. 1, the curve OAC is the trajectory of the
borehole in the coordinate system, the zenith angle () is the
angle between the tangent at the point and the vertical line,
the azimuth angle (o) is the angle between the projection of
the tangent line onto the horizontal plane and the true north
direction, and the hole depth (Hp) is the distance from the
orifice O to the bore axis of the point.

The hole depth can be measured by the length of the drill
pipe or cable under the hole. The measurement of zenith an-
gle generally uses a sensor based on the measurement princi-
ple of liquid level, suspension principle and gravitational ac-
celeration, and the precision is relatively high. The azimuth
measurement is usually of the following two types: one uses
the principle of the Earth’s magnetic field, and the other uses
the principle of inertial navigation. The borehole inclinome-
ter, which is based on the principle of geomagnetic field
orientation, is only suitable for non-magnetic interference
or weak magnetic mining areas (Sedlak, 1994). In strongly
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magnetic mining areas or in magnetic interference drilling,
due to the interference of the Earth’s magnetic field or metal
shielding (magnetic mining area, instrument casing, and drill
pipe casing), the accuracy of this type of instrument does
not meet the measurement requirements (Yamaguchi et al.,
2015). In order to solve the problem of borehole inclination
in the case of strong magnetic interference (inside the drill
pipe, inside the casing, etc.), the azimuth is generally mea-
sured by optical fiber or dynamic tuning gyroscope, based on
the principle of inertial navigation. Some existing fiber-optic
gyro (FOG)-based drilling trajectory measuring instrumenta-
tion (DTMI) are shown in Table 1 (Mass et al., 2007).

From Table 1, we can know that the instrument that can
withstand the highest temperature and pressure is the Keeper
type produced in the US, and the maximum temperature
is 200 °C; the maximum pressure is 140 MPa. However, as
mentioned in the first paragraph, the temperature can reach
250°C or even higher in a hot dry rock borehole or an
ultra-deep borehole. Therefore, there is a lack of drilling
trajectory measurement instruments and corresponding tech-
nologies for such high-temperature and high-pressure envi-
ronments. There are also many problems in the practical
application of the drilling trajectory measurement. There-
fore, research on drilling measurement technology for high-
temperature and high-pressure environments, encountered in
ultra-deep drilling, is of great significance. This technology
can be used for new energy, ultra-deep oil and gas develop-
ment, high-temperature geothermal energy, hot dry rock de-
velopment drilling engineering, scientific drilling engineer-
ing, ultra-deep mineral resource drilling engineering, and oil
and gas drilling engineering.

Here, we look at working environments with a maximum
temperature not exceeding 270 °C and pressures not exceed-
ing 120 MPa. A thermal simulation analysis of a metal vac-
uum flask and pressure simulation modeling of the external
confining tube are presented. A design scheme for DTMI is
proposed and optimized. Through the field engineering ap-
plication in the China Continental Scientific Drilling (CCSD)
project and in geothermal development drilling, a long-
duration, high-performance DTMI for deep hole trajectory
measurement has been realized. This is of great significance
for promoting the development of geological drilling.

2 Design and principles of DTMI
2.1 Configuration of DTMI

DTMI is an important instrument for investigating drilling
construction quality and trajectory parameters in anti-
magnetic interference drilling engineering. The DTMI is
mainly composed of an external confining tube, a metal vac-
uum flask, and an FOG measuring probe, shown in Fig. 2.
The external confining tube is the outermost layer,
a threaded interface is equipped with a high-pressure metal

www.geosci-instrum-method-data-syst.net/9/79/2020/



Y. Liu et al.: Design and applications of drilling trajectory measurement instrumentation 81

Table 1. Technical parameters of some DTMIs based on FOG.

Outer Withstand Heat
No. Name diameter Measurement range and Measurement range and voltage  resistance

(mm) accuracy of “zenith” angle  accuracy of “azimuth” angle (MPa) (°O)
1 Keeper (USA) 47-76 0-70°; £0.05° 0-360°; £1.5° 140 200
2 Ekinox (France) 50-75 0-70°; £0.05° 0-360°; £1.5° 100 150
3 Genesys (Germany) 50 0-70°; £0.15° 0-360°; £1.5° 80 125
4 TXL-48 (China) 48 0-80°; £0.15° 0-360°; £2.0° 110 175
5 U1-40X (China) 50-70 0-70°; £0.15° 0-360°; £1.5° 140 180

Figure 2. Photos of external confining tube, metal vacuum flask, and FOG measurement probe.

sealing ring to ensure that the maximum pressure reached is
120 MPa. For downhole measurements, it is equipped with
a shock-proof guide joint and a centralizer. The metal vac-
uum flask forms the middle layer, which is equipped with
four heat absorbers and shock absorbers in the upper, mid-
dle, and lower parts. These ensure that, as the temperature
rises externally to 270°C, during the 4h of operation the
internal temperature of the bottle does not exceed 90°C.
The FOG measurement storage probe forms the innermost
level, mainly comprised of an inertial measurement unit
(IMU) sensor components, storage control module, naviga-
tion solver module, and a high-temperature battery. Its func-
tion is to realize multi-point azimuth and inclination mea-
surements and storage (Liu, 2016; Lin et al., 2015). The in-
ternal structural diagram of the DTMI is shown in Fig. 3.

The measurement flowchart of the DTMI is shown in
Fig. 4. The DTMI is lowered and lifted by a wire rope con-
nection, and the data measured, during operation, are stored
in the probe’s memory, in real time. When the measurements
are completed, the trajectory measuring probe is taken out
of the borehole, the storage module in the FOG probe is
connected to the ground laptop, through the data line, and
the data stored in the probe are read by the upper computer
measurement software. Data processing and display are per-
formed, thereby giving the results of the trajectory measure-
ments.

2.2 Design and principles of measurement module
2.2.1

Measurement module design

The measurement module consists of a three-axis fiber-optic
gyroscope (inertial measurement unit) and a three-axis ac-
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celerometer (acceleration measuring unit), which are orthog-
onal to each other, as shown in Fig. 5.

The measurement module uses a module design method; it
consists of a three-axis accelerometer sensor module, a three-
axis FOG sensor module (IMU), a temperature sensor mod-
ule, a signal conditioning module, a high-precision A/D con-
version module, a navigation calculation processing module,
and a high-temperature power module, which are shown in
Fig. 6.

The key component is the FOG measurement component.
This is composed of an interference fiber gyro (I-FOG), an
optical path portion, and a circuit portion. According to the
three-axis integrated design, three interferometric fiber-optic
gyroscopes (I-FOG) are fixed, respectively, on the three co-
ordinate axes of the carrier coordinate system, which are or-
thogonal each other. As shown in Fig. 7, each single-axis op-
tical path is partially composed of a light source (divided by
a super-luminescent diode (SLD) tube), a coupler, an inte-
grated optical modulator (referred to as a waveguide-Y), and
an optical fiber ring (a special process used for a polarization-
maintaining optical fiber). The detector consists of five ma-
jor components, and three FOGs share one SLD light source.
Other functional modules adopt a mature all-digital closed
environmental biasing scheme. This design has advantages
of low cost, small size, and high stability. Meanwhile, the de-
sign of the inertial navigation measurement module focuses
on the assembly process, low thermal power, overall electro-
magnetic compatibility, and anti-interference (Titterton and
Weston, 2004; Savage and Paul, 2013).
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Figure 4. Hardware diagram of DTMI.

2.2.2 Measurement principles

Due to the narrow space inside the borehole, it is very diffi-
cult to install a stable physical measurement platform. There-
fore, the instrument uses the strapdown inertial navigation
technology to realize the function of navigation by using the
fiber-optic gyroscope, accelerometer, and trajectory calcula-
tion model (Grewal et al., 2007). Among them, the three-axis
accelerometer measures the acceleration in three directions,
and the acceleration value can be used to obtain the displace-
ment, in three directions, by double integration with respect
to time; the three-axis fiber-optic gyroscopes measure the ro-
tational speed of the carrier in three directions, and the corre-
sponding rotation angle can be obtained by integrating with
respect to time.
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Using the three-axis displacement and rotation angle, the
attitude matrix is solved by the space coordinate system vari-
ation, the drilling trajectory calculation model, the Euler an-
gle coordinate transformation, and the quaternion method;
when the rigid body is rotated around an axis, the angular
position of the rotating rigid body can be calculated (Ce-
likel and Sametoglu, 2012). The rotation of the carrier coor-
dinate system, relative to the navigation coordinate system,
is shown in Eq. (1).

W (wgb) A (1)
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Figure 5. Composition diagram of the three-axis measurement
module.
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The fourth-order Runge—Kutta (R-K) method is used to
solve the ordinary differential equation (Bernardo and Shu,
1989); the azimuth «, the zenith 6, and the tool face angle 8
can be obtained by Eq. (2).

2(q192 +90493)
2462 o =arctan | 5————5—5"~
tan(g:@ g tai 95—
Ging— Gz ) 0=arcsin|2(q143 — q092) 2
G3+G2+G% | B =arctan| 2 223%490a1)
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— cos %
q0 = cos5

q1 =sinF cos By
g2 =singcos By’
g3 = sin 5 cos B,

3

where « is the angle of rotation about the axis of rotation,
and Gy, Gy, and Gz are components of the acceleration in
the x, y, and z directions, respectively; cos B, cos 8, and
cos 3; are components of the axis of rotation in the x, y, and
z directions, respectively.
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2.3 Technical parameters

The technical parameters of the DTMI based on the FOG are
shown in Table 2.

3 Key technologies of the DTMI

This section focuses on the temperature resistance and mea-
surement accuracy of the DTMI. For this, we look at three
aspects: mechanical design of the external confining tube,
structural design of the vacuum flask, and FOG error com-
pensation. This is to ensure that the DTMI can work for
a long duration with high performance in the ultra-deep hole
trajectory measurement process and meets the design param-
cters.

3.1 External confining tube

The main function of the external confining tube is to en-
sure that the DTMI can withstand an external pressure of up
to 120 MPa, during 4h of working time. Due to the com-
plexity of the loads when the DTMI is doing actual drilling
work, this section uses finite element analysis software to ac-
curately model and analyze its mechanical state. Based on the
analysis of the overall model to the local components, a me-
chanical simulation of the external confining tube is carried
out. The stress—strain distribution and deformation of each
detail position, under different loads, are compared and ana-
lyzed (Tavio and Tata, 2009).

Joints of drilling trajectory measuring instruments, at
home and abroad, widely use tapered thread, trapezoidal
buckles. One of the reasons for this is high strength; the sec-
ond is that they are simpler than rectangular buckles. In addi-
tion, they are wear-resistant and easier to unscrew than circu-
lar threads (Kielbassa et al., 2009). Sealing and connection of
the DTMI used tapered threads; the simplified schematic of
a threaded-tooth-type, trapezoidal buckle is shown in Fig. 8a.
The connection and sealing of the DTMI are achieved by the
pre-tightening force on the thread end face and the shoulder
surface of the threaded shoulder. The pre-load force, gener-
ated by the threaded buckle, has an important effect on the
critical load of the confining probe joint, the fatigue damage
resistance, the axial load resistance, and the sealing of the
shoulder contact surface, as shown in Fig. 8b.

3.1.1 Establishment of finite element model for
threaded connection

For the material of the external confining probe tube, 17-
4PH precipitation-type hardened stainless steel was selected.
This has good mechanical properties, good temperature re-
sistance, and slow heat conduction. The sealing joint is made
of 30CrMnSiA using heat treatment. The technical param-
eters of the two materials are shown in Table 3 (Wen et
al., 2010).
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We used the Ansys workbench platform to build a simpli-
fied model of the thread, accurately assemble it, and finally
import it into the Ansys platform, for accurate mechanical
simulation analysis, as shown in Fig. 9.
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Sensitive-ring module

3.1.2 Simulation of the pressure field and optimization
of the structural parameters

This section focuses on optimizing the design parameters
of the probe, from the internal and external diameter (wall
thickness), thread taper, thread height, and pitch. From field
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Table 2. Key technical parameters of the DTMI. MTBEF is the mean time between failure.

Components Parameters Value/state
Storage Measurement range and accuracy of zenith angle 0-90°; +0.15°
measurement Measurement range and accuracy of azimuth angle  0-360°; +1.5° (when deviation > 3°)
probe Working temperature —10-125°
Diameter of probe < 45mm

Continuous working time
MTBF

Withstand voltage
Heat-insulating property

External confined tube and
metal vacuum flask

Diameter of external tube
Max deformation

> 96 h (under ordinary temperature)

> 1000 h (under ordinary temperature)

120 MPa

The continuous working time does not exceed 4 h and tem-
perature rise < 125°C in flask when the ambient tempera-
ture is 270 °C.

<75mm

1.5 mm per 1 m

Inner thread Bearing plane Orientation plane F
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Figure 8. (a) Diagram of internal and external thread matching; (b) effect of axial load on pre-load.

Table 3. Material parameters of the confined tube.

Mechanical properties

Yield Tensile  Elongation Section

Steel strength og  strength oy, A shrinkage ®
(MPa) (MPa) (%) (%)

17-4PH 650 800 12 40
30CrMnSiA 835 1080 10 45

experience, the outer diameter of the probe tube was de-
signed to be 73 mm, and the inner diameter selected was
68 mm; 67.5, 67, 66.5, and 66 mm were used for finite ele-
ment analysis.

Effect of local thickening of confined probe joint on
connection strength

Local thickening of the ends of the joint thread is one com-
mon processes for improving the strength of the confining
probe joint (Vasudevan et al., 2013). According to the work
experience and the actual situation, the outer diameter of the
probe tube is designed to be 73 mm, and the inner diameter
of the pipe body is selected as 68 mm; 67.5, 67, 66.5, and
66 mm were used for finite element analysis. The equivalent
stress value of the thread, the von Mises stress, the maximum
equivalent stress value, and the stress contour are compared
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and evaluated. The stress and deformation of the local details
of the threaded joint are also evaluation indexes. The results
are shown in Figs. 10 and 11.

From the finite element analysis results (Fig. 11), the fol-
lowing conclusion can be obtained: with a decrease in the
inner diameter of the probe joint (i.e., the thickness compo-
nent is thickened), the maximum equivalent stress at the joint
thread is gradually reduced and joint strength is increased by
20.8 %. At the same time, the maximum total deformation of
the confining probe and joint is gradually reduced, indicating
that the stress distribution inside the thread is more balanced.
Therefore, the inner diameter set at 67 mm greatly improves
the connection strength of the confining probe.

Effect of thread taper on joint strength

The thread parameters of the confining tube are selected from
the national standard equipment standard GB/T 16951-1997
(Neq ISO 10098: 1992, 1997). For the simulation analysis,
five sets of taper were selected; these were 1:15, 1:20, 1:
25,1:30, and 1 : 36. The results of finite element calculation
are shown in Figs. 12 and 13.

We comprehensively analyzed the maximum equivalent
stress of the pipe body and the joint with different tapers.
When the taper of the thread is around 1 : 25, the overall joint
strength of the pressure probe tube is the greatest.

Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020
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Figure 10. The stress nephogram of the external thread of the confined probe joint (the inner diameters from top to bottom are 68, 67.5, 67,
66.5, and 66 mm, respectively).

Effect of thread height on joint strength From the results of the finite element analysis (Fig. 15), it
can be seen that different thread heights have a large influ-
Overall, seven thread heights (0.8,0.9, 1.0, 1.1, 1.2, 1.3,and  ence on the joint strength. We comprehensively analyzed the
1.5 mm) were selected for simulation analysis, and the results maximum equivalent stress value and maximum total defor-
of the finite element calculation are shown in Figs. 14 and 15. mation of the pipe body, with the tooth height set at 0.9 mm.
The joint strength of the whole structure was high, the in-
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ternal structure stress distribution was relatively uniform, the
bearing capacity of the structure was good, the threaded joint
did not fall off easily, and the wear resistance was also good.
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Thread pitch affects joint strength

A total of five pitches (6, 7, 8, 9, and 10 mm) were selected
for simulation analysis. The finite element calculation results

are shown in Figs. 16 and 17.
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Table 4. Optimized parameters of the pressure probe and its thread.

Inner Taper Depth Pitch

diameter of thread of thread of thread

Optimal 67 mm 1:25 0.9 mm 8 mm
value

From the finite element analysis results (Fig. 17), the con-
nection strength of the pressure probe tube gradually de-
creases with the increase of the pitch, and the maximum
drop rate is reduced to 90.9 %. In practical applications, the
smaller the pitch, the greater the number of thread buckles
needed, and the labor intensity of the shackle buckle is in-
creased. Therefore, the pitch should be 8 mm for considera-
tion for comprehensive analysis.

In summary, from the pressure field simulation analysis of
the pressure probe, the optimized parameters for the pressure
probe and its thread are shown in Table 4.

3.2 Metal vacuum flask

Due to the in borehole limitations, the metal vacuum flask
is designed with a cylindrical structure. The protected mea-
suring probe is loaded into the flask. As shown in Fig. 18,
the metal vacuum flask is mainly composed of a vacuum-
insulated bottle, heat absorbers, and a heat insulator.

The metal vacuum flask consists of a gland, a plug, a heat-
insulating tube, an upper heat absorber, a bottle body (vac-
uum), a medium heat absorber, and a lower heat absorber.
These components are mainly composed of aluminum al-
loy, 1Cr18Ni9Ti, titanium alloy, and 45 steel. In the process
of temperature simulation of the complete fiber-optic gyro-
scope, the parameters of the relevant materials should be de-
termined (Fang, 2002). The bottle body uses 1Cr18Ni9Ti as
the inner shell material, similar to the heat preservation cup,
and the material adopts vacuum structure. The heat absorber
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is mainly made of paraffin, and the heat absorption process is
realized by a solid- to liquid-phase transformation. Account-
ing for the heat from the fiber-optic gyroscope movement and
the external temperature, the length of the phase change body
is designed; the insulator is made of SiO; fiber-reinforced
aerogel material. The specific parameters are shown in Ta-
ble 5.

3.2.1 Heat calculation in the flask

The heat calculation in the flask consists of the follow-
ing three parts: heat power calculation of internal measur-
ing components (including FOGs, accelerometers, acquisi-
tion board, navigation solution board, data storage output
board, and high-temperature battery); calculation of the leak-
age heat of the flask; and calculation of the heat storage
(endothermic). In the trajectory measurement process of the
DTMI, the total heat calculation formula is shown in Eq. (4),
and the specific calculation is as follows.

OTotal = QBattery—dissipation + Omu — O Absorber

- QSelf—dissipation 4

(a) Heat power calculation of internal measuring
components

When the DTMI is energized, the entire measurement system
(three-axis FOG and three-axis accelerometer) is in a mov-
ing state. The orientation of each FOG and accelerometer
changes under different moving states. We assume that one
hot surface is up, one is down, and one is vertical during
the convection process. When the inertial measurement unit
is working, the related components will generate heat and
compensate for the internal and external temperature differ-
ence, so the internal and external temperature differences are
not considered. The power consumptions of the main heat
sources are shown in Table 6.

www.geosci-instrum-method-data-syst.net/9/79/2020/
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Figure 14. The stress nephogram of the external thread of the confining probe joint (the heights from top to bottom are 0.8, 0.9, 1.0, 1.1, 1.2,

1.3, and 1.5 mm).

Among them, the battery conversion efficiency is assumed
to be 80 %, and the rest is converted into heat; Qpvy is the
sum of the power consumptions of the three-axis FOG, the
accelerometer, and the circuit board, which is calculated by
Eq. (5), where t =4hand P =21 W.

Omu=P-t )

www.geosci-instrum-method-data-syst.net/9/79/2020/

(b) Calculation of leakage heat

The heat leakage of the metal flask is mainly the heat trans-
fer from the outside to the inside, which includes two as-
pects: (1) axial heat transfer through the flask mouth, includ-
ing solid heat conduction of the inner tube wall and the heat-
insulating plug; (2) radiation leakage between the inner and
outer tubes, heat conduction of residual gas, and solid heat
transfer between the vacuum layers. The total leakage heat

Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020
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Figure 15. (a) The trend diagram of the maximum equivalent stress of tube body with thread increases; (b) the trend diagram of the maximum

total deformation of tube body with thread increases.

Table 5. Material property parameters of various materials of the metal vacuum flask.

Thermal Specific

conductivity heat Density
No. Materials WmK™hH  JkgK)™H  (kgm™?)
1 PCB(FR4) 354 962 326
2 Plastic 64 1600 650
3 Fiber loop 0.13 1320 1200
4 Aluminum alloy 238 875 2770
5 Steel 45 354 46.47 7800
6 Ti alloy 11.7 858 4470
7 SiO; 0.017 550 150
8 Paraffin 0.21 1950 900
9 1Cr18Ni9Ti 20 450 7850

flow rate is set to ®gym, P is the heat conduction of inner
wall of the flask, @, is the leakage of the heat-insulation
plugging, &3 is the radiation leakage heat, and ®4 is the
residual gas leakage heat. It follows that the total heat leakage
®Dgum is calculated from &, O;, 3, and O4. The calculation
formulas are shown in Egs. (6) and (7) (Malatip et al., 2012).

DPgym = 1+ D2+ P3 + Py (6)
Dy =3 -A-AT )
®3=09-A-[(T)* = ()] 22— oy
S4=K-a-P-(T1—1T)- A,

where A is the effective cross-sectional area, in m?; L is the
length of the thermal conduction section, in meters; AT is
the temperature difference, taken as 200K; 2 is the aver-
age thermal conductivity of the material, which is 0.045; the
blackbody radiation constant is 5.67 x 1078, in Wm—2K~*;
A is the radiation area, in m2; ¢ is the effective emissivity,
taken as 0.08; 7 and T3 are the temperatures of the high- and
low-temperature surfaces, respectively, in K; n is the number

of layers. When the vacuum is > 1073 Pa, the residual gas

Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020

leakage heat can be neglected, so a total leakage heat flux
Dgum = 3.525 W is calculated.

(c) Calculation of heat storage

The heat storage material uses the sensible heat and latent
heat of paraffin (phase transition temperature is 60 °C, den-
sity is 900kgm™) to store heat, and the material itself is
used to control the rise of external temperature (Fang, 2002).
The length of the heat absorber is set to 450 mm, and the heat
storage capacity calculated is 101.736 W; when the tempera-
ture inside the bottle rises to 125 °C, the heat absorption time
is equal to heat storage/total heat leakage flow, so the total
endothermic time is calculated as 8.12 h.

In summary, the theoretical calculation of the heat in the
flask proves that when paraffin wax is used as the heat-
absorbing material and its length is designed to be 400 mm,
the temperature rise inside flask is guaranteed to be < 125°C
in a period greater than 7 h.

www.geosci-instrum-method-data-syst.net/9/79/2020/
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Figure 16. The stress nephogram of the external thread of the confining probe joint (the pitches from top to bottom are 6, 7, 8, 9, and 10 mm).

Table 6. The heat consumption table of main heat source. 3.2.2 Simulation and calculation of temperature field
Heat sources Power Materials Lo . .
consumption The initial temperatqr§ (.)f the internal measuring component
FOG W Duralomin (<hell was set to 25 °C, the initial temperature of the outer boundary
N ura umin (% el of the metal thermos was set to 270 °C, and the third bound-
FOG y 2W  Duralumin (shell) o .
FOG 7 2W  Duralumin (shell) ary condition (100) of heat transfer was selected in order to
Acc x 0.3W  Duralumin (shell) obtain the temperature simulation result, shown in Fig. 19.
Accy 03W  Duralumin (shell) Figure 19a is a temperature distribution nephogram of the
Acc z 0.3W Duralumin (shell metal flask after 4 h of working. It can be seen that the overall
Data collector of acc 02W FR-4 . .
Data collector of IMU YW FRA trend of temperature change in the thermos bottle is gradually
Battery for high temperature 10W  Duralumin (shell) reduced from the bottle head to the bottom of the bottle. At
Data storage output module 1.5W FR+4 the mouth of the bottle, the maximum temperature reaches

113.23°C, which meets the design requirements (temper-
ature rise < 125°C in flask). Figure 19b is a temperature
distribution nephogram of the FOG measurement probe. It

www.geosci-instrum-method-data-syst.net/9/79/2020/ Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020
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Figure 17. The trend diagram of the maximum equivalent stress of
tube body with pitch increases.

can be seen that the internal temperature gradually decreases
from the bottle head to the bottom of the bottle, and the tem-
perature values of the different sensor positions are also dif-
ferent. The temperature value on the bottommost FOG is the
lowest, which proves the importance of the metal thermos
bottle to the temperature rise control of the fiber-optic gyro-
scope, which is also a guarantee for the measurement accu-
racy of the FOG.

3.3 Analysis of coupling effect of temperature field and
pressure field

In this section, the temperature field—pressure field coupling
effect is taken into consideration. Through finite element
analysis, a stress and strain distribution, a cloud diagram for
the whole measuring instrument is obtained. The deforma-
tion state of the outer tube, under the coupling of the tem-
perature field and the pressure field, is analyzed and used to
verify the resistance to high temperatures and compression.

Firstly, we simplify the mechanical model of the DTMI;
then the coupling of the temperature field and the pressure
field is solved by the following three steps: (1) apply temper-
ature boundary conditions, setting the temperature to 270 °C,
solve the temperature field, and introduce the temperature
field results into statics structural analysis; (2) in static struc-
tural analysis, apply a confining pressure load of 120 MPa
and constrain it; (3) solve the coupling between the tempera-
ture field and the pressure field, as shown in Figs. 20 and 21.

Analysis of the finite element results shows that under the
action of high temperature and high pressure, the total de-
formation of the DTMI increases and the equivalent strain
increases, when compared with the action of the pressure
field alone. The maximum deformation of the DTMI is calcu-
lated to be 3.47 mmm™!. The deformation is 1.33 mm, which
meets the requirement that the deformation amount per 1 m
in the parameter index should be less than 1.5 mm.

Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020

3.4 FOG error analysis and compensation in
temperature field

Due to thermal field distribution and heat transfer under the
thermal transient state, the physical properties, geometrical
features, and thermal transfer of the FOG are dynamically
changing over time, leading to a Shupe error in the FOG in-
clinometer. The Shupe error is negatively correlated to the
accuracy of the inclinometer. To enhance the accuracy of
the IMU, the finite element method (FEM) was adopted to
analyze the heat conduction features of the inclinometer in
a thermal field. This method can overcome the limits of
traditional analytical techniques. For instance, it can han-
dle the complex boundary conditions of the FOG. Accord-
ing to the differential control equations for heat conduction,
a FOG error compensation formula in thermal field was de-
rived through Shupe error analysis, laying the basis for FOG
thermal field modeling and error compensation.

3.4.1 Shupe error analysis

In the thermal transient state, the Shupe error can be calcu-
lated based on the phase delay ¢ of the light wave propaga-
tion in a fiber loop with length L (Mohr, 1995):

L L
¢=/ﬁ(z)dz=/ﬂon(z)dz, ¥
0 0

where B is the propagation constant of light in free space;
n(z) is the refractive index. Since the thermal expansion and
refractive index of the medium may vary with the temper-
ature fields during light wave propagation, Eq. (8) can be
rewritten as Eq. (9):

Ones [
@ = PonesiL + Bo (W + neffa> / AT (z)dz, )
0

where negr is fiber refractive index; (0neff) /07 is the temper-
ature coefficient; « is fiber thermal expansion coefficient;
AT(z) is the temperature change. Using the Sagnac effect,
the FOG measures the phase difference of two beams of a
light wave through the same optical fiber with length L. One
beam of light wave propagates in the clockwise direction,
and the other in an counter-clockwise direction. Specifically,
the clockwise phase delay ¢.y () and the counter-clockwise
phase delay ¢ccw(?) are calculated, and the Shupe error
A¢g(Shupe) in the thermal transient state is given a differen-
tial time definition (Raab and Quast, 1994). The A¢g(Shupe)
can be calculated by

Bo [ Onetr
A¢E (Shupe) = —2 ( Zleff
¢E (Shupe) 3T

Cm

L
+neffa>/T(z,t)(L—22)dz, (10)
0

where T(z, 1) is the temperature change rate in the fiber loop
(T (z,t) = 0T /0dz). Equation (10) shows that the Shupe error
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Figure 19. (a) Temperature distribution nephogram of the metal vacuum flask after 4 h of work; (b) temperature distribution nephogram of

the FOG measurement probe after 4 h of work.

reflects how the temperature gradient affects the FOG mea-
suring accuracy. To sum up, the Shupe error A¢g(Shupe), in-
duced by the temperature field variation in the transient state,
has a certain effect on the output light intensity, /, of the FOG
in that it reduces the measuring accuracy of FOG inclinome-
ter. The output light intensity, /, can be obtained as follows:

I =1Ip{1+cos[¢s + Agps (Shupe)]} . (11)

3.4.2 Error compensation formula of FOG in the
temperature field

Under the joint action of Shupe error A¢g(Shupe) and the
additional phase shift ¢ in the transient state, an error will
occur in the Sagnac phase shift ¢s. Based on the previous
analysis of Shupe error, this section attempts to deduce the
error formula in the thermal transient state and then the FOG
error compensation formula in the temperature field.

Due to the temperature field and the thermal stress in the
FOQG, the fiber loop length L changes by a certain degree.
Hence, L/d > 1, with d being the diameter of the fiber. By
the definition of the thermal expansion coefficient (Sokolov
et al., 2015), the thermal expansion coefficient « of the opti-

www.geosci-instrum-method-data-syst.net/9/79/2020/

cal fiber in the thermal transient state can be expressed as

d(Az)

__ 4y 12
YT AZd[T 0] (12)

In Eq. (12), z is a point on the optical fiber loop of the FOG.
Then, the linear deformation of the fiber loop AL leads to
a Sagnac equivalent phase shift ¢ay:

s 0¢s
AL 25 AT ... I8
$aL aL REFY)

3
Aq&s(AL):a-%-ZAT(Z,t)-Az.

13)

(14)

It can be seen that Agg(Shupe) in the thermal transient
state is correlated with the linear expansion coefficient,
a, and effective refractive index, nef, of the optical fiber:
A¢s(Shupe) = F(«, ..., netr). Then, Egs. (13) and (14) are
derived by finding the partial derivatives of o and n.fr, and
Egs. (13) and (14), respectively, depict the effect of the
Sagnac phase shift in thermal transient state caused by the
linear deformation and refractive index variation of the op-
tical fiber; the linear expansion coefficient, «, is determined

Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020
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Figure 20. The stress nephogram of the coupling between the temperature field and the pressure field: the upper left is the total deformation
nephogram; the upper right is the equivalent strain nephogram; the lower left is the minimum principal stress nephogram; the lower right is

the Mohr—Coulomb stress displacement safety factor nephogram.

by the material of the fiber.

L
d[Ags (Shupe)] _ po .neff./T'(z,t)(L_zz)dz (15)
Jo Cm
0
1[Ads shupe)] _ (apy o (%)
da |\ m Onefp
L
. / T ) (L —22)dz (16)
0

On the premise of using the same material fiber, and com-
bining this with Eqgs. (10), (15), and (16), error theory anal-
ysis shows that the factors affecting the Shupe error of the
FOG in a thermal field are mainly the temperature change
rate, the effective refractive index, and the angular velocity.
Therefore, these formulas serve as the guide for FOG error
compensation in a thermal field, effectively paving the way
for a rational error compensation plan.

Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020

4 Engineering application

4.1 Engineering application in the CCSD SK-2 east
borehole

4.1.1 CCSD SK-2 east borehole

The CCSD project in the Songliao Basin aimed to investigate
deep geothermal energy, establish a deep stratigraphic struc-
ture profile, seek geological evidence of Cretaceous climate
change, and develop deep detection techniques. This was the
third international CCSD project funded by the China Main-
land Scientific Drilling Program (ICDP) (Wang et al., 2013,
2017). As the main borehole of this project, the SK-2 east
borehole was designed to reach a depth of 6400 m, in order
to penetrate the Cretaceous strata and reach the base of the
basin. It is located about 0.25 km southeast of Jiging village,
Yangcao town, Anda city, Heilongjiang province (Zou et al.,
2016; Zhu et al., 2018). The main scientific objectives of log-
ging the CCSD SK-2 east borehole are (1) to provide com-
plete and continuous petrophysical parameters and well-side
structural parameters for use in the establishment of a Cre-
taceous continental sedimentary study at the geophysical ex-
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Figure 21. The total deformation nephogram comparison: the left picture shows the pressure field total deformation nephogram; the right
picture shows the pressure field and temperature field coupling total deformation nephogram.

ploration “scale”; (2) to explore the relationship between the
global greenhouse climate and environmental changes us-
ing logging information during the Cretaceous period from
65 million to 140 million years; (3) to carry out reservoir
division and oil and gas evaluation for key hydrocarbon-
bearing horizons; (4) to provide the basic information neces-
sary for the full-scale long-term observation and experimen-
tal research of the CCSD SK-2 east borehole in the future
(Xu, 2004; Gao et al., 2015; Zou et al., 2018).

Geophysical logs played an important role in the subse-
quent geoscience research because very few core samples
were recovered over the Upper Cretaceous intervals (i.e.,
Spud 1 and Spud 2). After the borehole was drilled, just
two uncased and cased borehole logging operations (using
Beck Atlas’ ECLIPS-5700 and Halliburton’s EXCEL 2000)
were carried out in the Upper Cretaceous intervals using ad-
vanced imaging logging tools (Zou et al., 2016). Therefore,
DTMTI’s engineering application was selected for the SK-2
east borehole to test the performance in the high tempera-
ture and high pressure of the scientific detection wells, and
to test the startup performance and overall performance of
the power supply in the low-temperature field environment
(the ambient surface temperature is about —2 °C at the SK-2
east borehole).

www.geosci-instrum-method-data-syst.net/9/79/2020/

4.1.2 Testing steps

The engineering application time was on 15-16 Octo-
ber 2017. At that time, the construction depth of the SK-2
east borehole had exceeded 6200 m, the depth of the casing
was 5905 m, the specific gravity of the mud was 1.46, and
the pressure of the mud column at the bottom of the well ex-
ceeded 90 MPa. The bottom temperature exceeded 200 °C.
Under the suggestion of the construction party, the applica-
tion test was carried out in the casing section, using two DT-
MIs at the same time, and the measurement was carried out
at intervals of 500 m. A photo of the DTMI used in this engi-
neering application is shown in Fig. 22.

The main contents of the engineering application were
three methods: a closed water test, downward trajectory mea-
surement, and upward trajectory measurement. The purpose
was to test the sealing, pressure, thermal insulation perfor-
mance, and reliability of the measurement data of the DTMI.

1. The closed water test is a pilot test to verify the sealing
performance of the pressure probe and to investigate
the inside of the hole. In order to prevent the core
measuring component, based on the FOG, from being
damaged due to seal failure, when the water shutoff test
was carried out, the FOG movement was not placed
in the pressure probe tube. Instead, a humidity test

Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020
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Figure 22. Photo of DTMI which applies to the SK-2 east borehole.
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paper and a boiling point thermometer were placed in
the tube. After the water shutoff test was completed,
the measuring device was taken out and the pressure
and sealing ring of the pressure-reducing probe were
verified to be non-destructive, the inside of the pressure-
exploring probe was dry, and the humidity test paper
showed no obvious changes. This indicated that the
pressure-exploring tube had good sealing performance
and could meet the design requirements.

. When preparing for measurements in the borehole, raw

tape was wrapped on the connecting threaded joint and
thread oil was applied to protect the thread and further
improve the sealing performance; then the downward
measurement was started, and the DTMI was lowered
through the wire rope, or cable, of the ground gauge
winch; after reaching the bottom of the hole, the up-
ward measurement was started, and the measured data
were stored in the memory of the probe; after the tra-
jectory measurement process was finished, the internal
measurement probe was taken out of the confining tube
and metal flask; finally, the movement probe was con-
nected to the PC using a data line and a conversion joint,
and the trajectory measurement data stored in the move-
ment were read. Then, data acquisition and processing
were performed, thereby obtaining data on the drilling
trajectory.

4.1.3 Data analysis

The maximum well depth for this measurement was 5800 m,
and the highest temperature measured was 177.8 °C. The de-
tailed measured data of zenith angle, azimuth angle, and tem-
perature are shown in Tables 7, 8, and 9. The comparative
analysis of the measured data gave the following results:

1. The zenith between the downward and upward measure-

ments of one DTMI and between the two sets of DTMIs
were in good agreement with each other. The result had
good repeatability, with an error less than 0.15°.

Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020

2. When the zenith was less than 3°, the error of the az-

imuth data between the downward and upward measure-
ments of one DTMI and between the two sets of DTMIs
was relatively large. When the zenith was greater than
3°, the error of the azimuth data between downward and
upward measurements of one DTMI and between the
two sets of DTMIs was less than 0.15°.

. In the process of downward and upward measurements,

the temperature-measured data of the two sets of instru-
ments were consistent with each other.

. The two sets of the DTMI-measured data for zenith and

azimuth were compared with previous logging data. We
found that the data were roughly consistent with each
other, although there were certain deviations in individ-
ual points. The main reason for these deviations in the
data may be that the previous logging data were mea-
sured in the open well, while this measurement was
done after the casing was placed in the well. The data
deviation was normal, and its accuracy is acceptable
for deep exploration engineering and underground re-
sources and energy engineering.

. There was a deviation in the temperature data between

the downward and upward measurements, mainly due
to the short time of the measurement at each point (ex-
cept for Smin at the well bottom, at 5800 m; the other
measurement points were occupied for only 30s), and
there was a failure of the heat to sufficiently stabilize at
the temperature sensor.

. The deviation between the measured temperature value

at 5800 m and the previous logging data was due to the
fact that the logging data were in the open well and the
original temperature waiting time reached 30 min. Here,
the measurement was in the casing and the waiting time
was only 5 min. Thus, the temperature sensor had not
reached a temperature balance with the bottom of the
well environment.
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Figure 23a shows a curve of measured zenith against bore-
hole depth, Fig. 23b shows a curve of measured azimuth
against borehole depth, and Fig. 23c shows a curve of mea-
sured temperature against borehole depth.

4.2 Engineering application in the geothermal well of
Xingreguan-2, Beijing

4.2.1 Geothermal well of Xingreguan-2

The Xingreguan-2 well is a geothermal well within the
dolomite formation of the Wuyishan Formation, in Jixian
county. It is located in the Xingming Lake Resort in the
Daxing district, Beijing. The well location coordinates are
latitude 39°36'48.09” and longitude 116°25'56.54” (Zhao,
2011). The well is a geothermal well within the dolomite
group of the Wuyishan Formation. It was drilled for the wa-
ter intake section on 31 May 2016. The completion depth is
2505.18 m, the water output is 1549.67 m3 d~1, and the well-
head outlet temperature is 46 °C. The application time was
from 14:00 to 17:00 UTC+8 on 14 November 2017, and one
DTMI was used for this measurement. In order to ensure the
safety of the instrument and avoid the measurement of bare
holes, the depth of this measurement was only 1750 m; dur-
ing decentralization and lifting of the instrument, measure-
ments were made at the same depths of the well, with inter-
vals of 200 m.

4.2.2 Data analysis

The maximum well depth for this measurement was 1750 m,
and the highest temperature measured was 43.4 °C. The de-
tailed measured data of the zenith angle, azimuth angle, and
temperature are shown in Tables 10, 11, and 12. The com-
parative analysis of the measured data gave the following re-
sults:

1. The zenith angles between downward and upward mea-
surements were in good agreement with each other, and
the result showed good repeatability, with an error of
less than 0.15°; when the zenith was less than 3°, the
error of the azimuth data between the downward and
upward measurements was relatively large and when the
zenith was greater than 3° (for the measuring points at
1000, 1200, 1400, 1600, and 1750 m depth), the error of
the azimuth data between downward and upward mea-
surements was less than 0.15°

2. In the process of downward and upward measurements,
the temperature-measured data of the two sets of instru-
ments were consistent with each other.

3. The DTMI-measured data for zenith and azimuth were
compared with previous logging data. We found that the
data were roughly consistent with each other, although
there were certain deviations at individual points. The
main reason for these deviations in the data may be that
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Figure 23. (a) Curve of measured zenith against borehole depth; (b) curve of measured azimuth against borehole depth; (c) curve of measured
temperature against borehole depth.

Table 10. Measured zenith angle of the Xingreguan-2 well, Beijing.

the previous logging data were measured in the open
well and these measurements were done after the casing

No. 1 DTMI Comparison of DTMI with logging
No. Depth Previous well Downward Upward Difference Average | DI-P  Ul-P Al-P
(m) logging (P) (DD un (AD)

1 200 0.36 0.3 0.34 0.04 0.32 | —0.06 —0.02 —0.04
2 400 0.37 0.34 0.31 —0.03 033 | —0.03 —0.06 —0.04
3 600 0.66 0.69 0.62 —0.07 0.66 0.03 —-0.04 0.00
4 800 2.35 1.62 1.53 —0.09 1.58 | —0.73 —0.82 -0.77
5 1000 3.47 343 35 0.07 347 | —0.04 0.03 0.00
6 1200 4.42 4.97 5.12 0.15 5.05 0.55 0.70 0.63
7 1400 3.16 3.6 3.54 —0.06 3.57 0.44 0.38 0.41
8 1600 4.65 5.12 5.27 0.15 5.2 0.47 0.62 0.55
9 1750 5.16 5.67 5.67 0 5.67 0.51 0.51 0.51
Max 0.15 0.55 0.7 0.63
Min —0.09 —-0.73 —-0.82 —0.77

was placed in the well.

Figure 24a shows a curve of measured zenith against bore-
hole depth, Fig. 24b shows a curve of measured azimuth

www.geosci-instrum-method-data-syst.net/9/79/2020/

against borehole depth, and Fig. 24c¢ shows a curve of mea-
sured temperature against borehole depth.

Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020
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Table 11. Measured azimuth angle of the Xingreguan-2 well, Beijing.

No. 1 DTMI ‘ Comparison of DTMI with logging
No. Depth Previous well Downward Upward Difference Average D1-P Ul-P Al-P
(m) logging (P) (D) (U1 (A1)
1 200 181.95 170.71 165.24 —5.47 16798 | —11.24 —16.71 —13.97
2 400 140.98 148.9 152.51 3.61 150.71 7.92 11.53 9.73
3 600 192.78 183.9 188.98 5.08 186.44 —8.88 —3.80 —6.34
4 800 186.62 181.67 187.39 5.72 184.53 —4.95 0.77 —2.09
5 1000 186.68 184.97 186.26 1.29 185.62 —-1.71 —0.42 —1.06
6 1200 203.06 200.44  201.77 1.33 201.11 —2.62 —1.29 -1.95
7 1400 202.06 2034  202.34 —1.06 202.87 1.34 0.28 0.81
8 1600 192.46 191.46 193.16 1.70 192.31 —1.00 0.70 —0.15
9 1750 203.33 203.85 203.85 0.00 203.85 0.52 0.52 0.52
Max 5.72 7.92 11.53 9.73
Min —5.47 —-11.24 -16.71 —13.97
Table 12. Measured temperature of the Xingreguan-2 well, Beijing.

No. 1 DTMI ‘ Comparison of DTMI with logging

No. Depth Previous well Downward Upward Difference Average | DI-P  Ul-P Al-P

(m) logging (P) () (U1 (A1)

1 200 20.40 20.0 20.7 0.70 204 | 04 0.3 0.0
2 400 26.27 25.8 26.5 0.70 262 | —0.5 0.2 —0.1
3 600 32.56 313 31.6 0.30 315 | -1.3 -1.0 —1.1
4 800 33.68 33.1 332 0.10 332 | =06 0.5 —0.5
5 1000 34.63 34.5 34.6 0.10 346 | —0.1 0.0 0.0
6 1200 36.54 36.7 36.9 0.20 36.8 0.2 04 0.3
7 1400 38.37 38.8 39.1 0.30 39.0 0.4 0.7 0.6
8 1600 40.40 41.2 41.6 0.40 41.4 0.8 1.2 1.0
9 1750 41.77 43.4 43.4 0.00 43.4 1.6 1.6 1.6
Max 0.7 1.6 1.6 1.6
Min 0.0 -13 -1.0 —1.1

5 Discussion

The FOG has the advantages of high measurement accuracy,
small size, high sensitivity, and strong anti-interference abil-
ity. This is especially important for the magnetic material
with the greatest influence on the trajectory measurement
technology in geological exploration and external magnetic
field interference. The DTMI, based on the FOG, can be used
for borehole trajectory measurements in any formation con-
ditions. The FOG, used in geological and oil drilling fields,
generally requires a wide operating temperature range. How-
ever, the measurement accuracy of the FOG is very sensitive
to changes in ambient temperature, especially in deep bore-
hole testing. The high external temperature and high-pressure
environment, along with internal self-heating, will have an
impact on the performance of the FOG. This mostly mani-
fests as noise and drift. The noise directly affects the work-
ing accuracy of the fiber-optic gyroscope, that is the mini-
mum detectable phase shift, while the drift reflects the de-

Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020

gree of change in the output signal. Therefore, the thermal
non-reciprocal error (Shupe error) caused by the temperature
field will seriously affect the performance of the FOG in-
clinometer. This is characterized by poor data repeatability,
short working time, and low precision (Shupe, 1980; Kurba-
tov, 2013).

Due to the Shupe error caused by the temperature field of
the FOQG, it is difficult to carry out thermal simulation anal-
ysis of the whole structure and internal mechanism by a tra-
ditional thermal field analytical method. It is nearly impos-
sible to determine the boundary range, control equation, and
thermal characteristics of the main components (Yang et al.,
2011). In this study, the finite element method was used to
analyze the heat transfer characteristics of the borehole tra-
jectory measuring instrument. In Sect. 3.3, the Shupe error of
the fiber-optic gyroscope was calculated using the differen-
tial control equations for thermal conduction and the thermal
boundary condition. The unified formula of the thermal error
was derived. The external parameters that affect the Shupe

www.geosci-instrum-method-data-syst.net/9/79/2020/
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Figure 24. (a) Curve of measured zenith against borehole depth; (b) curve of measured azimuth against borehole depth; (c) curve of measured

temperature against borehole depth.

error are mainly temperature change rate, the effective re-
fractive index, and the angular velocity. Therefore, these for-
mulas can be used as the basis for the temperature field model
establishment and error compensation experimental scheme
for the internal core measurement mechanism.

In order to reduce the influence of temperature changes
on the output accuracy of the fiber-optic gyroscope, the FOG
error compensation experiment was used to establish a tem-
perature compensation model between the parameters (tem-
perature change rate, the effective refractive index, and the
angular velocity) and the FOG output value, and to explore
the mathematical relationship between them. Coefficients of
the model require the FOG measurement probe to be tested
on a three-axis quadrature calibration bench with a high-
temperature thermostat, thereby obtaining a series of experi-
mental data (Liu et al., 2019); photos of the temperature com-
pensation experiment are shown in Fig. 25.

Due to the higher temperature in boreholes, up to 250 °C,
a metal vacuum flask was used to ensure that the internal
space did not exceed 125 °C degrees (Liu et al., 2016). The
temperature range of the measuring probe was set from 0 to
120 °C in the experiments. There are four influence factors
in the FOG error compensation experiments, namely exper-

www.geosci-instrum-method-data-syst.net/9/79/2020/

imental temperature range, temperature change rate, effec-
tive refractive index, and angular velocity. Therefore, a four-
layer network structure was employed. The parameter values
(number of levels) for each factor are shown in Table 13.
The thermal error compensation experiments usually em-
ploy a network structure of three to four layers (Meng et al.,
2009). During these experiments, we found that both full-
scale design methods and orthogonal design methods were
time-consuming and low in efficiency for FOG error com-
pensation. For example, in the full-scale design method, the
number of experiments required is 6 X 12 x 4 x 4 = 1152. If
an experiment takes 10 min, it will take 192h to complete
the full-scale design method experiments. The time needed
for these experiments was not available. Therefore, more ad-
vanced experimental protocols should be used to simplify the
experimental process, such as the uniform design method,
neural network method, and fuzzy mathematics method. As
an experimental design for space filling, the uniform design
method describes a test point spread evenly throughout the
test range and thus has been proposed from the perspective of
uniformity (Fang, 1994). In particular, the design enables the
conduct of trials with many experimental factors and a large
number of levels but with fewer trials required when com-

Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020
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Figure 25. (a) Photo of the experiments on three-axis quadrature calibration bench; (b) photo of the experiments in high-temperature ther-

mostat.

Table 13. Table of experimental factors and their levels.

Factor Level Unit Value

Temperature range 6 °C 0-70; 10-80; 20-90; 30-100; 40-110; 50-120
Angular velocity 12 °s! 0; £2.5; +5; +10; £20; +40; 80

Effective refractive index 4 - 1.4770; 1.4719; 1.4685; 1.4680

Temperature change rate 4  °Cmin— 0.5;1;2;4

pared to the orthogonal or comprehensive design methods
(Deesuth et al., 2012). Therefore, future work will involve
the use of the uniform design method for temperature com-
pensation experiments, establish a neural network dynamic
model to compensate its output, improve the FOG tempera-
ture compensation accuracy, and ensure the stability of the
DTMI-measured data.

6 Conclusions

A drilling hole trajectory measuring instrument, based on in-
terference FOG, is developed in this study. We examined the
mechanical design and strength. We carried out pressure field
simulation analysis for the pressure-bearing outer tube. The
structural design of the metal thermos was examined, and
we carried out temperature field simulation analysis, mea-
suring with the FOG in the probe. The study of Shupe error
compensation in the field of temperature field was carried
out using finite element analysis, for 4 h, in an environment
where the maximum temperature does not exceed 270 °C and
the pressure does not exceed 120 MPa. Engineering applica-
tions were carried out in the CCSD SK-2 east borehole and
the geothermal well of Xingreguan-2. Data such as azimuth,
apex angle, and temperature were obtained and compared

Geosci. Instrum. Method. Data Syst., 9, 79-104, 2020

with results from previous logging equipment. The engineer-
ing applications proved that DTMI had good measurement
accuracy and repeatability, high stability, and reliable mea-
surement methods.

Aimed at the difficult working conditions in boreholes
of hot dry rock, deep geothermal investigation drilling, and
ultra-deep geological drilling (up to 5000 m), this instrument
is based on the principle of inertia and is not affected by ex-
ternal electrical and magnetic interference. This makes up for
the working blind zone of existing technologies and instru-
ments. Therefore, DTMI has great potential for the develop-
ment and advances in geological drilling technology.

The main highlights of this paper are as follows:

1. A method for measuring the borehole trajectory based
on a three-axis interference-type fiber-optic gyroscope
is proposed. The two-axis orthogonal three-axis fiber
gyroscope and three-axis accelerometer sensor are used
to form the strapdown inertial navigation system. The
three-axis displacement and the three-axis rotation an-
gle can be calculated by the trajectory calculation model
described in the text. The DTMI can be applied in
strong magnetic interference mining areas and expands
the scope of engineering applications. Compared with
existing drilling trajectory measuring equipment using

www.geosci-instrum-method-data-syst.net/9/79/2020/
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a fluxgate or single-axis and two-axis gyroscopes as
sensitive devices, it is a step forward in novelty and in-
novation.

2. The DTMI pressure field—temperature field coupling
analysis method is proposed to guide the optimal design
of the DTMI. Using a finite element software platform,
the DTMI thread parameters, the size and wall thick-
ness of the confined probe, optimization of the material
and structure of the metal vacuum flask was carried out,
and the simulation analysis and optimization design of
the pressure field—temperature field coupling effect for
the whole instrument were carried out. Finally, the re-
liability and stability of the DTMI were verified by the
engineering application in the CCSD SK-2 east bore-
hole.
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