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a b s t r a c t

With the advancement of ultra-deep well drilling and dry hot rock energy development, the demand for 
measurement-while-drilling (MWD) systems has grown increasingly critical. The electronic MWD 
system is difficult  to complete the measurement in the downhole environment above 200 ◦C. In this 
study, a novel fully mechanical well deviation measurement system is designed, utilizing a bias 
structure to sense inclination and translate it into flow-related data. The system leverages the turbineʼs 
flow sensitivity to determine the well deviation. A mathematical model for well deviation sensing and 
signal coding was established, and a signal pulse generator capable of reflecting well deviation changes 
was also built. The fluid simulation of the pulse generator was carried out by using computational fluid 
dynamics (CFD) simulation software. The stable output state of the pulse generator under different flow 
rates was calculated. The feasibility of the fully mechanical well deviation measurement system was 
verified through theoretical calculation and simulation analysis. An experimental system for mechanical 
well deviation measurement was established, and the performance of mechanical well deviation 
sensing and measurement was analyzed. A downhole experiment was carried out to verify the reliability 
of this mechanical well deviation measurement system in achieving mechanical well deviation 
measurement.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Well deviation measurement is an indispensable task in drilling 
engineering, and it is of great significance  for controlling well 
deviation and ensuring wellbore quality (Caruzo et al., 2012; 
Chatterjee et al., 2014). The borehole deviations affect not only 
the determination of the fracture azimuth, but also the distance 
between the treatment and monitoring wells (Gao et al., 2022). 
When the monitoring or the treatment wells are assumed to be 
vertical, often no borehole deviation survey is done and the wells 
are then treated as perfectly vertical. However, during the drilling 
process, due to the influence of formation anisotropy, well devia
tion is always unavoidable, especially in high-steep and soft-hard 
alternating formations. In geological drilling wells, over-deviation 
will affect the authenticity of geological data, leading to wrong 

judgments and design schemes. When the deviation is too large, 
the drill string is prone to fatigue damage, and at the same time, it 
increases the chance of getting stuck. To prevent the occurrence of 
well deviation, many engineering technicians and many scholars 
have developed corresponding active deviation correction and 
passive deviation correction techniques to meet the requirements 
of different geology and well conditions (Bulant et al., 2007; Yi 
et al., 2009; Fossa and Guglielmini, 2022). However, whether the 
well deviation control is effective and whether the current well 
deviation is within the scope of the operation requirements 
require the corresponding well deviation measurement technol
ogy to determine the measurements of the borehole inclination 
and azimuth, which are then used to calculate the borehole tra
jectory (Han et al., 2022).

Measurement-while-drilling (MWD) surveying for directional 
and horizontal drilling processes provides the azimuth and the 
inclination of the bottom hole assembly (BHA) at predetermined 
surveying stations. Present MWD surveying tools consist of three- 
axis accelerometers and three-axis magnetometers mounted in
side special non-magnetic drill collars between 50 and 60 feet 

* Corresponding author.
E-mail address: qjnew2024@126.com (J. Qu).
Peer review under the responsibility of China University of Petroleum 

(Beijing).

Contents lists available at ScienceDirect

Petroleum Science

journal  homepage:  www.keaipubl ishing.com/en/ journals /petroleum-science

https://doi.org/10.1016/j.petsci.2026.05.028
1995-8226/© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY license (http:// 
creativecommons.org/licenses/by/4.0/).

Petroleum Science 23 (2026) 6378–6394

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:qjnew2024@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2026.05.028&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2026.05.028
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


behind the drill bit (Reich et al., 2003). The technology of fibre 
optic gyroscopes (FOGs) has been suggested to replace the three- 
axis magnetometers (Noureldin et al., 2002; Xue et al., 2014).

The typical rating for downhole MWD equipment for oil and gas 
is between 150 and 175 ◦C, or even only 125 ◦C. There are currently 
few available drilling systems rated for operation at temperatures 
above 200 ◦C (Salamon et al., 2020). However, electronic compo
nents are limited by their operating conditions and are unsuitable 
for challenging drilling environments such as high-temperature and 
high-pressure wells. Furthermore, the presence of toxic and highly 
corrosive substances underground, such as hydrogen sulfide,  also 
poses strict requirements for the reliability of tools.

In deep oil and gas exploration and development, when the 
groundwater temperature exceeds 175 ◦C, the materials suitable 
for downhole tools are different from traditional ones, and both 
the design principles and manufacturing processes need to be 
redesigned. Halliburton and Schlumberger, among other oilfield 
service companies, have developed MWD with a temperature 
resistance of 200 ◦C. Baker Hughes has developed a directional 
measuring tool. Compared with traditional electronic measuring 
equipment that can only withstand 175 ◦C, through design 
simplification,  thermal shielding packaging and other modifica
tions, the heat resistance of downhole electronic equipment can be 
gradually changed (Ma et al., 2016). However, its application cost is 
relatively high and it is still in the experimental stage.

Drilling of geothermal wells in enhanced geothermal systems 
(EGS) requires precise positioning of injection wells and production 
wells. Such precise positioning can only be achieved through 
directional drilling systems (DDS) and precise MWD systems. There 
is no directional drilling system in the industry that can withstand a 
temperature of 300 ◦C in a typical EGS well yet. With the continuous 
increase in the demand for deep and ultra-deep well exploration 
and development, deep and ultra-deep wells are often accompanied 
by high temperatures and pressures. The highest downhole tem
perature of the deep subsurface Tako-1 well is 220 ◦C and the 
highest pressure is 145 MPa. The existing high-temperature elec
tronic inclinometers are difficult  to work for a long time in this 
environment. The cost of wired transmission under high tempera
ture and ultra-deep conditions is prohibitively high (Yan et al., 2019; 
Qu et al., 2024).

At present, there is no directional measurement system in the 
industry that can withstand the higher temperature (above 
300 ◦C) of hot-dry-rock deep wells (Liu et al., 2022). The above- 
mentioned electronic high-temperature drilling measurement 
tools are difficult to meet the long-term downhole measurement 
tasks. National Oil Well Varco Inc. and other companies have 
developed a mechanical wellbore deviation measurement system 
(Chatterjee et al., 2014). This tool adopts a fully mechanical 
structure, overcomes the influence  of temperature on electronic 
components, solves the problem that existing measuring in
struments cannot measure the inclination angle in harsh down
hole environments, and realizes wireless measurement of the 
inclination angle while drilling (Lunney et al., 2017). However, this 
structure has significant  drawbacks: Firstly, the measurement 
range is within 17◦, making it impossible to complete the large 
inclination measurement task similar to the HDR process. Sec
ondly, by counting the number of positive pulse signals to deter
mine the well deviation, it is prone to signal loss due to noise 
interference during long-distance transmission.

Given the limitations of existing MWD instruments under high- 
temperature and high-pressure conditions, this study designed a 
fully mechanical well deviation measurement system to address 
challenges such as poor temperature resistance of electronic MWD 
instruments. This study is organized as follows: Section 2 in
troduces the measurement principle and geometric characteristics 

of the mechanical well deviation measurement system. Subse
quently, Section 3 presents the generation principle of pressure 
waves and signal modulation characteristics, and establishes the 
corresponding theoretical and simulation models. Next, Section 4
discusses the numerical analysis results and builds an experimental 
system to carry out the reliability analysis of the mechanical mea
surement system. Finally, downhole experimental analysis is per
formed on the mechanical well deviation measurement system.

2. New design of fully mechanical well deviation 
measurement system

2.1. Overall design

The design of wireless MWD involves three aspects of tech
nology: downhole measurement, information transmission and 
surface information reception. Downhole measurement is one of 
the key technologies of MWD. Currently commonly used wireless 
MWD techniques include directional parameters measurement 
while drilling, logging while drilling and seismic while drilling, etc. 
These downhole instruments use mechatronics technology, which 
can measure many parameters, and have a wide range of appli
cations in the field of petroleum engineering.

As shown in Fig. 1, the main function of the well deviation 
measurement system in this paper is to measure the well de
viation, so its downhole measuring instrument is relatively 
simple, and it adopts a purely mechanical structure, instead of 
conventional electronic measurement technology, all of the well 
deviation measurement, pulse signal control and generation are 
completed by mechanical mechanism. This not only improves 
the reliability of downhole instruments but also improves their 
ability to withstand high temperatures, making the instruments 
more adaptable. The working principle of the entire system is as 
follows: The deflection  structure deflects  by a certain angle 
under the action of the well deflection,  and the well slope in
formation is converted into flow changes through the internally 
designed control flow  structure. Under the action of different 
flow  rates, the turbine drives the mud pulse generator to 
generate mud pulse signals with amplitude-frequency varia
tions, thereby converting the well deviation information into 
mud pressure pulse signals.

Information transmission technology is used to provide an 
effective and reliable transmission channel for information be
tween downhole and surface to achieve information exchange and 
control between surface and downhole. Mud is adopted as the 
pulse signal transmission medium to realize long-distance signal 
transmission (Yang et al., 2022). The surface signal receiving sys
tem is used to receive downhole information, decode, calculate 
and process the received downhole information in order to obtain 
the required downhole data and information.

2.2. Well deviation measurement and data coding

Mechanical inclinometer in this system is its core technology. 
The basic principle of mechanical inclinometer is based on the 
principle of gravity as shown in Fig. 2. This structure can expand 
the measurement range of well deviation and enhance the stability 
of the well deviation sensing structure during the application 
process. The spherical pendulum structure can realize the incli
nation induction in the range of 90◦. When the inclination is at a 
certain angle, it drives the connected spherical valve to open 
different valve ports (signal transmission area). It contains two 
gravity eccentric mechanisms, one axial eccentric block is used to 
generate a well deviation reference plane, and the second vertical 
eccentric block senses the well deviation and drives the spherical 
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encoder to rotate. When the well deviation is β, the angle of the 
signal transmission area of the encoder disk and the vertical axis is 
also β, therefore, the well deviation signal is transmitted to the 
surface through another mud pulse generating device. Due to the 
limitation of the instrument diameter Rb, the larger the mea
surement range, the lower the measurement accuracy. The posi
tion of the center of rotation O can be adjusted to set the 
measurement range, according to the different positions of the 
center of the circle, we can achieve two types of well deviation 
range 60◦ and 90◦, representing the measurement range of well 
deviation is 60◦ and 90◦ respectively.

2.3. Hydraulic turbine realizes continuous pressure wave

Hydraulic turbine is the most common energy conversion de
vice that converts hydraulic pressure into rotary motion, which are 
commonly used in wind energy, hydraulic turbines, hydraulic 
motors, etc. (Liu et al., 2019). The system utilizes a water turbine to 
drive the lower disc valve (Fig. 3). This is achieved through a 
conversion process where the hydraulic energy of the working 
fluid is transformed into mechanical shaft power, thereby enabling 
the decoding valveʼs rotation.

The turbine torque Tt can be expressed as follows: 
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Fig. 1. Schematic diagram of the fully mechanical well deviation measurement system.
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Fig. 2. Basic principle of mechanical inclinometer when the deviation is β.
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Tt = ρQi⋅R⋅
(

Cz

tanβ′ − ωR
)

(1) 

wherein Qi is the effective flow  rate into the turbine blade flow 
path; ω is the turbine rotary speed; ρ is the drilling fluid density; R 
is turbine equivalent radius, R = (do +di)=2, where do is the inner 
hub diameter and di is the outer diameter of the turbine blades 
(Fig. 3); Cz is turbine fluid axial velocity coefficient; βʹ is turbine 
blade angle. 

Cz =
Qi

πR(do − di)⋅
(

1 − nh
2πRsinβ′

) (2) 

wherein n is the number of blades and h is the normal thickness of 
the blades.

The conversion power of the turbine blade can be expressed as: 

Wt = Ttω (3) 

Working fluid  flow is inevitably accompanied by energy loss 
during turbine blade flow  and energy conversion. Energy loss is 
usually divided into three categories: hydraulic loss, volume loss 
and mechanical loss. The energy loss is not considered in this article.

A further innovation of this study lies in utilizing the turbine 
speed, which varies with flow rate, to modulate the pressure 
waveform generated by the encoder valve. By analyzing the 
change frequency of pressure wave, the well deviation angle can 
be obtained. Compared with the pressure waveform analysis, the 
deviation information transmitted by frequency is more accurate 
and not easy to be attenuated.

3. Modeling and methods

3.1. Principle of pressure wave generation

The most common and mature method for downhole 
communication is mud pulse, which dates back to the middle of 
the 19th century. During the drilling process, the pumps at the 
surface circulate the mud down to the drill string through the 
pressure pulses (Giosio et al., 2017). The mud passes through a 
valve that restricts and generates the pressure waves. The pressure 
pulse signals in MWD systems are encoded by various techniques 
to carry the critical information.

The generation of pressure wave signals can be expressed by 
the simple model shown in Fig. 4. The area of section 1-1 is A1, the 
area of the orifice section is A0, and the area of the jet contraction 
section 2-2 is A2. Different from the free jet, the downstream of the 

orifice is not connected with the atmosphere. So, the liquid flow 
will diffuse after passing through the orifice, and it is at its highest 
velocity at the jet section with the minimum pressure. With the 
diffusion of the jet flow, the velocity decreases and the pressure 
shows a little recovery. However, due to the resistance loss at the 
orifice, the pressure cannot be completely restored.

For the incompressible liquid between section 1-1 and jet 
section 2-2, Bernoulli’s equation is listed as follows: 

ρ
∂ϕ1
∂t

+
ρα1v2

1
2

+ ρgz1 + p1 = ρ
∂ϕ2
∂t

+
ρα2v2

2
2

+ ρgz2 + p2 + ζ
ρv2

2
2

(4) 

In above equation, Z1 = Z2, ϕ is the velocity potential function, 
∂ϕ=∂x = v. ϕ1 = v1x1, ϕ2 = v2x2 at section 1-1 and section 2-2. Also, 
it can be known from the continuity equation that v1A1 = v2A2 =

v2CdA0, by substituting the above equation into Eq. (4), it can be 
drawn: 

P1 − P2 = ρ
∂(v2x2 − v1x1)

∂t
+

ρv2
1

2

(

(α2 + ξ)
(

A1
CdA0

)

− α1

)

(5) 

The upstream velocity v1 is assumed to be constant, whereas 
the orifice flow area varies with time. In view of the fully turbulent 
flow  within the jet cross-section, the kinetic energy correction 
factor is taken as α2 = 1. Usually, A0 is much smaller than A1, so α1 
can be ignored, while the maximum flow area of the rotary valve of 
continuous wave generator, cannot be ignored when compared 
with the flow area of drill pipe, so α1 should be retained in the 
above equation. Then: 

ΔP0 =
ρQ2

2C2
d

1

A0(t)
2

(

1+ ζ −
2Cdx2

Q
∂A0(t)

∂t

)

(6) 
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wherein Q is the drilling fluid flow through the valve port, m3/s; Cd 
is the flow coefficient  of the valve port. When the Reynolds 
number (Re) is greater than the critical Reynolds number, the flow 
coefficient  remains approximately a constant. When Re > 105, 
Cd = 0.60–0.62; When the liquid flow  does not completely con
tract, Cd = 0.7–0.8 (Chen, 2017). A0 is the flow area of the valve port, 
m2; ρ is drilling fluid density, kg/m3; ΔP0 is the pressure difference 
between the valve front and the valve back, Pa.

The x2 in the above formula increases as the flow area A0 de
creases. For the fan-shaped valve port in Fig. 3, the area St is closed 
and opened at a constant speed, assumed to be ω, determined by 
the driving torque of the hydro turbine as shown in Fig. 5.

When β > γ, the closing phases St can be expressed as: 

St(t) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

1
2

(
R2

s − r2
)

ωt ωt ≤ γ

1
2

(
R2

s − r2
)

γ γ < ωt < θ
′

1
2

(
R2

s − r2
)
(β + γ − ωt) ωt > θ

′

(7) 

wherein Rs is the outer radius of different fan-shaped valve port, 
while r is the inner radius of the fan-shaped valve holes. γ is the 
central angle corresponding to the fan-shaped valve.

When β = γ, the closing phases St can be expressed as: 

St(t) =

⎧
⎪⎪⎨

⎪⎪⎩

1
2

(
R2

s − r2
)

ωt ωt ≤ γ

1
2

(
R2

s − r2
)
(2γ − ωt) ωt > γ

(8) 

When β < γ, the closing phases St can be expressed as: 

St(t) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

1
2

(
R2

s − r2
)

ωt t ≤ θ
′

1
2

(
R2

s − r2
)

β θ
′

< ωt < γ

1
2

(
R2

s − r2
)
(β + γ − ωt) ωt > γ

(9) 

In this paper, the flow area A0(t) can be expressed as: 

A0(t)= SHn
− St (10) 

wherein SHn 
represents the area of a curved hole, 

SHn
= θ

′

(Hn)⋅
(

Rs(Hn)
2
− r2

)
(n = 1;2;3) (11) 

Take Eq. (11) into Eq. (6) to get: 

ΔP0 =
ρQ2

2C2
d

1
(
SHn

− St
)2

(

1+ ζ+
2Cdx2

Q
∂St

∂t

)

(12) 

It can be found from the above formula that the pressure dif
ference decreases with the increase of the area change rate, that is, 
the signal amplitude increases as the signal frequency increases.

In engineering applications, we can simplify the calculation as 
shown in the following: 

ΔP0 ≈
ρQ2

2C2
d

1

(A(t))2 (13) 

Eq. (15) shows the pressure change when there is only one hole, 
as shown in Fig. 3, we used six drain holes and three specifications 
in this paper, the comprehensive area is shown in the following: 

ST =2⋅
∑n=3

n=1

SHn
(15) 

Therefore, on the encoder disc as shown in Fig. 3, the pressure 
changes over time function can be expressed as: 

ΔP0(t) ≈
ρQ2

2C2
d

1

(ST − St(t))
2 (16) 

The downhole pressure pulse waves are uploaded to the surface 
signal acquisition device along the drilling fluid in the drill string, 
and the downhole information is obtained through the collected 
pressure fluctuations.

3.2. Experiments and parameters

3.2.1. Accuracy analysis of well deviation measurement
In the measurement system induction well and control well, 

the dual bias induction system is designed. The flow  of drilling 
fluid passed by a stable datum and an well deviation measurement 
pendulum separately in different wells.

(1) Low side induction of well deviation

The biasing mechanism produces sufficient deflection force G 
during the induction well, overcomes the system resistance, 
ensuring that the bias block is stable in the well. The extension of 
the precision of the pre-emphasis platform is mainly including the 
mechanical structure. When the bias torque generated by the 
boutique is greater than the resistance Mf at the outside connec
tion, the bias block can induct a well-transformed change (Li et al., 
2022; Chen, 2017).

In this design, as shown in Fig. 6, the rectangular coordinate 
system is established based on the axis and the vertical plane, and 
the axial and radial component forces generated by the eccentric 
weight block in case of well deviation are as follows: 

Frt = Gesinβsinϕ (17) 

Frr = Gesinβcosϕ (18) 

In the above formula, Ge is the gravity of the bias block, N. β is 
well deviation, ◦. Let the bias block be in the position shown in the 
figure below, ϕ is the angle between the center of gravity and the 
lower side of the wellbore, ◦;

Frt and Frr are the tangential and radial components of X (radial 
eccentric force) respectively, The eccentric torque can be obtained 
from the above equation: 

Throttle disc valve
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O

Sθ′
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H
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r γ
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Φ /12 r

Fig. 5. Signal transmission mechanism of mechanical well deviation measurement 
system.
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T = Frt × YC =
1
3

ρgl
(

r3
2 − r3

1

)
(cosα1 − cosα2)sinβsinϕ (19) 

where T is the eccentric torque produced by the eccentric weight, 
N⋅m. When α1 = 0 and α2 = π, the maximum value of eccentric 
torque Tmax is obtained: 

Tmax =
2
3

ρgl
(

r3
2 − r3

1

)
sinβsinϕ (20) 

Therefore, the whole structure can ensure Tmax > Mf in the 
design process. The well deviation induction can be completed 
accurately to keep the deviation sensing level.

(2) Deviation flow control

Changes in well inclination cause the pendulum to deflect, 
thereby changing the effective flow area of the overflow passage. 
This change regulates the drilling-fluid flow rate and consequently 
the rotational state of the lower turbine. The oscillating range of 
the pendulum is 0◦–90◦, and the equivalent overcurrent area is 
divided into 0◦–30◦, 30◦–60◦, 60◦–90◦ three parts, as shown in 
Fig. 7. The sensing pendulum institutions designed three di
mensions of overflows, controlling drilling fluids of different flow 
at different well angles. Where A′ is an equivalent area, Q is the 
flow rate flowing into the turbine flow, and S′ is the turbine flow 
area.6

3.2.2. Encoder disk structure parameter design
During measurement, the higher the measurement accuracy 

and the larger the measurement angle, the greater the amount of 

well deviation information to be transmitted. The design of the 
well deviation information coding system based on continuous 
pressure pulse signals is conducive to optimizing the structural 
design and improving effectiveness and reliability of information 
transmission.

The signal coding design introduces two forms: amplitude 
coding and frequency coding, that is, different well deviation 
correspond to different signal amplitudes and frequencies. Even if 
individual pulses are distorted or lost due to noise interference 
during transmission, the signal can still be identified and decoded 
as long as the morphological features of the entire pulse sequence 
are recognized in combination with its frequency characteristics. 
Such a dual-insurance mechanism guarantees the anti-attenuation 
performance of signal transmission and the reliability of accurate 
decoding.

Assume that the measuring range is Φm, according to the 
different positions of the center of the circle as shown in Fig. 5, we 
can achieve any types of well deviation range between 0◦ and 90◦, 
by changing the area of Hn (n = 1,2,3, …, m). In theory, the amount 
of information that can be encoded can be expressed by the 
following permutation and combination formula: 

M=Ck
k⋅Am

m (21) 

wherein k represents the number of different combinations, m 
represents the grading number of the ring hole area.

The achievable values of m and k are constrained by downhole 
spatial limitations and the requirement that pressure wave 
amplitude fluctuations must exceed a specific  threshold for reli
able surface detection. These constraints are governed by both 
design and signal recognition accuracy, necessitating further 
investigation. As shown in Table 1, a typical encoding method 
(k = 2, m = 3) realizes 12 types of signal encoding. If the well 
measurement range Φm is 60◦, then the measurement accuracy is 
5◦.

According to the principle of the plate hole throttle, the 
encoding disc is designed according to the above parameter, the 
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Fig. 7. Schematic diagram of the structure of overflow maturity.

Table 1 
A typical encoding method (k = 2, m = 3).

Inclination Coding Inclination Coding

Φm/12 H1H2H3H3H1H2 7Φm/12 H1H2H3H2H3H1

2Φm/12 H2H3H3H1H2H1 2Φm/3 H2H3H2H3H1H1

Φm/4 H3H3H1H2H1H2 3Φm/4 H3H2H3H1H1H2

Φm/3 H3H1H2H1H2H3 5Φm/6 H2H3H1H1H2H3

5Φm/12 H1H2H1H2H3H2 11Φm/12 H3H1H1H2H3H3

Φm/2 H2H1H2H3H2H3 Φm H1H1H3H3H3H1
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X
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G

Fig. 6. Schematic diagram of the partial weight block structure.
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encoding disk size is shown below. The center angle corresponding 
to a single coding hole is 30◦, and the accuracy of the signal can be 
improved within 30◦. The coding disk adopts a circular arc-shaped 
overflow structure, based on the small hole over-current theory, 
the formula can obtain a single coding hole area change in the 
dynamic change process: 

Aʹ=1
c

̅̅̅̅̅̅̅̅̅̅̅̅

Q2ρ
2⋅ΔPI

√

(22) 

wherein, Aʹ is the over-current area of coding disk; ΔPI is the 
pressure drop of drilling fluid through the disc valve. This structure 
is designed with the formula of the coding disk extension hole 
cutting area: 

A=
ωt
2

(
R2 − r2

)
(23) 

During periodic rotation, the variation of the overcurrent area 
of the valve block sweeping through the coded hole is given by: 

A =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

θ
′ ⋅π

(
R2 − r2

)

6⋅600 ; (0◦ ≤ θ
′

≤ 60◦)

(θ
′

− 60◦)⋅π
(

R2 − r2
)

6⋅600 ; (60◦ < θ
′

≤ 120◦)

(24) 

Δp=
2ρQ2

C2ω2t2
(

R2 − r2
)2 (25) 

The pressure difference between the gaps at both ends of the 
gap should not be too large, avoiding a larger bubble air erosion, 
the damage of the acceleration structure, and the instability of the 
measurement system. Therefore, in the design process, the pres
sure reduction retention relationship is: Δp =

p1
p2 

< 3.5.

The dynamic variation of the pressure and area at different 
coding holes can be calculated by the above formula. The three 
angles of the well deviation measurement pendulum mechanism 
can be divided into Di (i = 3) in average.

3.2.3. Simulation model of pulse generator
The overall structure of the pulse generator is mainly composed 

of a coding disc, a turbine, and a valve block. Driven by drilling 
fluid, the turbine rotates the valve block. The relative motion be
tween the valve block and coding disk adjusts the flow area and 
produces encoded pressure pulses. This section establishes a fluid 
mechanics model and verifies the feasibility of the pressure pulse 
coding generator through CFD simulation software.

(1) Turbo design parameters

The designed turbine drives the coded valve block for rotary 
motion against the coding disk. For deep and ultra-deep wells, 
drilling fluid supplies stable and continuous power to the turbine. 
The adoption of straight-blade turbine blades ensures its 

advantages in terms of wear resistance and high reliability, guar
anteeing the stability and sensitivity of operation. The structural 
parameters are shown in Table 2.

(2) Simulation model of pressure pulse generator

Fig. 8(a) is a three-dimensional simulation model of pulsed 
generators, and the encoding disk is located on the top of the 
turbine valve block. This CFD model controls the variation of the 
rotational speed of the turbine valve block structure by setting the 
area of the inlet flow channel of the turbine, the change of the flow 
channel area under the equivalent well deviation action, and af
fects the frequency variation of the signal. In the simulation model, 
different sizes of the turbine inlet end are set to correspond to the 
flow  rate changes under three different well inclination angles, 
and the occurrence of the turbine pulse generation signal and the 
turbine motion state are analyzed. As shown in Fig. 8(b), a linear 
relationship corresponding to the well deviation and the area of 
the throttle hole was established. The signal characteristics of the 
turbine pulse generator can be analyzed by adjusting the change of 
the equivalent well deviation of the opening area at the turbine 
inlet end.

The simulation model adopts the wall function method to 
handle the boundary conditions of the incoming wall. The global 
pressure-based solver is used to carry out transient analysis cal
culations. The simulations are performed using the RNG k-ε tur
bulence model and second-order windward finite element format.

The turbine rotation equation: 

Jy
d2θ
dt2 =

∑
My (26) 

Jy is heavy rotational inertia; 
∑

My is a total external atrial 
moment of turbine, including external load and fluid action. The 
torque generated by the external load and fluid action. According 
to the start of the water strike, the turbine changes under different 
flow rates. When the turbine angular velocity is stable, the turbine 
reaches a steady state at a certain flow  rate, at which point the 
pressure pulse encoded signal generated by the simulation system 
can be analyzed.

Three pressure monitoring points are arranged in the model, 
including Point 1 (inlet), Point 2 (middle chamber), and Point 3 
(outlet), to analyze the variation of coded pressure waves. Mean
while, the assembly interaction of components is considered for 
each model combination. The volume loss caused by radial leakage 
is not considered during the simulation (Xu et al., 2017; Qu et al., 
2024). Based on the CFD software, the solving of the flow field is 
completed, and the complex model grid is divided into a number 
of regular shapes, and the flow control equation is solved in the 
unit. In the model, a four-sided mesh is used to better accommo
date the fluid domain and the rotation domain, and consider the 
boundary layer, the grid results are shown in Fig. 8(c). The data in 
Table 3 are the relevant parameters during the simulation process.

In non-steady-state numerical analysis, the calculation results 
should be independent of the grid scale and time intervals. To 
verify this characteristic and analyze its influence on the simula
tion results, this study set different mesh sizes and time steps for 
the same component. The detailed parameters are shown in 
Table 4.

(1) Time step influence analysis

The large vortex simulation results of a grid with 1.77 million 
grids at three different time steps of 0.05, 0.005, and 0.0005 s are 
shown in Table 5.

Table 2 
Key parameters of the turbine and coding structure.

Main parameters Value Main parameters Value

Number of blades 8 D, mm 40
Thickness, mm 1 βʹ 30◦

Blade pitch, mm 7.85 ϕ 0.9
d0, mm 81 di , mm 20
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By comparing and analyzing the transient simulation results 
with three time steps of 0.05, 0.005 and 0.0005 s, it is found that 
when the 0.0005 s time interval is adopted, the residual calcula
tion can converge rapidly, and a stable solution can be obtained at 

each time step. When larger time steps of 0.05 and 0.005 s are 
adopted, the residual curve shows obvious oscillation character
istics, although it can eventually stabilize. As shown in Table 5, 
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Fig. 8. Simulation model and system parameter design. (a) Pulse generator model structure diagram; (b) The relationship between different well inclination angles and flow area; 
(c) Pulse generator fluid domain grid division and related parameters.

Table 3 
Simulation parameter.

Main parameters Value Main parameters Value

Flow 1 15 L/s D 185 mm
Flow 2 20 L/s D1 (0◦–30◦) 46 mm
Flow 3 25 L/s D2 (31◦–60◦) 66 mm
Flow 4 30 L/s D3 (61◦–90◦) 81 mm
L 420 mm Drilling fluid properties Water

Table 4 
Mesh sizes and time steps for grid independence verification.

Number of grids Time step, s

9.6 × 105 0.05
1.77 × 106 0.005
2.81 × 106 0.0005

Table 5 
Simulation results at different time steps.

Time step, s Inlet pressure, 
MPa

Outlet pressure, 
MPa

Rotational 
speed, rpm

0.05 3.85 0.22 169
0.005 3.41 0.408 186
0.0005 3.48 0.403 189

Table 6 
Simulation results of different grid numbers.

Number of 
grids

Inlet pressure, 
MPa

Outlet pressure, 
MPa

Rotational speed, 
rpm

9.2 × 105 3.95 0.35 154
1.77 × 106 3.74 0.401 179
2.56 × 106 3.69 0.42 181
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there are significant  differences in the inlet and outlet pressure 
amplitudes obtained under different time step settings. This in
dicates that the selection of the time step directly affects the 
simulation accuracy of the self-excited oscillation characteristics 
in the cavity, and thus has an important impact on the calculation 
accuracy of the impact force amplitude. Therefore, to ensure the 
calculation accuracy, this study determines that the optimal time 
step size is 0.0005 s.

(2) Analysis of the impact of grid quantity

Under the premise that the time step is fixed at 0.0005 s, 
large eddy simulation studies are carried out for three grid 
quantity schemes of 9.2 × 105, 1.77 × 106 and 2.56 × 106. The 
calculation results are shown in Table 6. All three meshing 
schemes exhibit good convergence characteristics. It is worth 
noting that when the number of grids increases to 1.77 × 106 

and 2.56 × 106, the obtained pressure pulsation characteristic 
parameters and turbine speed stability are very close, but there 
is a significant deviation compared with the calculation results 
of 9.2 × 105 grids. This comparative analysis indicates that 
reliable numerical simulation results can be obtained by using 
1.77 × 106 grids for simulation calculation, and further 
increasing the number of grids has a limited effect on improving 
the calculation accuracy.

Table 7 
Turbine size parameters.

Main parameters Value, mm Main parameters Value, mm

D 185 Di 0–81
d 180 d1 170
d2 160 d3 150
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4. Results and discussion

4.1. Code signal theory analysis

This structure adopts a 60◦ interval as a single cycle for flow 
area variation. A full rotation of the coding disc undergoes six 

sequential dynamic changes in the throttling area. Using the 
calculation formula presented above, the dynamic throttling area 
variations under different rotational speeds and the dimensional 
parameters of the coding disc are listed in Table 7. Design pa
rameters: The designed pressure drop of the coding disc is 3 MPa; 
the rotational speeds of the coding disc are set to 100, 200, and 
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Structural diameter D1 = 46 mm; (b) Structural diameter D2 = 66 mm; (c) Structural 
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300 rpm; the drilling fluid density is 1000 kg/m3; the flow coef
ficient of the drilling fluid is C = 0.75; and the inlet flow rate of the 
system is 30 L/s.

Combined with the design method of the signal in Section 3, 
the pressure fluctuation  characteristics obtained by the coding 

disk within one rotation period in Fig. 9 can be obtained. Its dy
namic change is approximately a cosine curve. The lower the 
rotational speed, the greater the duty cycle. The amplitude varia
tion of the waveform in the curve verified  the feasibility of the 
theoretical design model.
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Fig. 14. Pressure pulse signals at a flow  rate of 25 L/s for different diameters. (a) 
Structural diameter D1 = 46 mm; (b) Structural diameter D2 = 66 mm; (c) Structural 
diameter D3 = 81 mm.
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Fig. 15. Pressure pulse signals at a flow  rate of 30 L/s for different diameters. (a) 
Structural diameter D1 = 46 mm; (b) Structural diameter D2 = 66 mm; (c) Structural 
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The time-domain change curves of pressure intensity at 
different speeds can be obtained, as well as the frequency-domain 
graphs of the turbine under different drilling fluid flow rates. Then, 
the frequency and amplitude of the signal can be analyzed.

4.2. Fluid simulation analysis of pulse generator

Fig. 10 shows a rotation of the turbine during the simulation 
process, and the corresponding valve block is transferred to each 

coded hole pressure change cloud map. As the flow of drilling fluid 
increases, the turbine speed is increased and the flow is close to 
linear relationship. The rotational speed of the turbine increases 
with the opening area of its upper inlet Di. With the increase of 
drilling fluid flow rate, the difference between different sizes of the 
turbine inlet flow channel Di becomes greater, indicating that the 
linear variation under the control of the well deviation sensing 
pendulum can directly establish a linear relationship with the 
turbine speed as shown in Fig. 11.

Figs. 12 and 13 present the pressure variations monitored at 
turbine inlet (position 2) under pulse generator conditions of 15 
and 20 L/s, respectively. The analysis focuses on three different 
turbine inlet flow  channels (Di) and corresponding monitoring 
points. The observed pressure fluctuations  at the inlet remain 
relatively insignificant,  as the pressure pulse signals maintain 
stable oscillation patterns. This phenomenon is primarily attrib
uted to disturbances in the drilling fluid caused by pulse signals 
generated at the coded disk.

With increasing drilling fluid flow rate, the pressure amplitude 
at all monitoring points shows corresponding enhancement, while 
maintaining consistent waveform characteristics across mea
surement locations. Under constant flow conditions, the pressure 
values exhibit a gradual decrease with increasing turbine rotation 
speed. This occurs because the drilling fluid flow primarily drives 
turbine rotation, with pressure losses being predominantly 
consumed by the turbineʼs rotational energy.

Figs. 14 and 15 demonstrate consistent waveform patterns for 
the pressure pulse-coded signals at 25 and 30 L/s, aligning with the 
trends observed in prior analyses. As the turbine inflow diameter 
increases, the pressure amplitude at the inlet, in and outlet 
monitoring points of the pulse generator shows a gradual 
declining trend. Flow rate dominates the magnitude of pressure 
pulse signals. The figures  further illustrate repetitive pressure 
pulse waveforms across three consecutive cycles, maintaining 
phase consistency throughout varying flow  conditions. This 
waveform stability enhances signal integrity during long-distance 
transmission. At 30 L/s, the maximum pressure amplitudes 
recorded at the outlet monitoring point for different inflow  di
ameters Di measure 1.85, 1.64, and 1.51 MPa respectively.

4.3. Pressure pulse signal identification

Fig. 16(a) presents a Fourier analysis of the frequency- 
amplitude relationship in pressure-coded signals under varying 
drilling fluid flow rates and turbine inlet dimensions. Under con
stant system flow conditions, the amplitude-frequency relation
ship exhibits near-linear proportionality. The signal frequency and 
amplitude characteristics correlate with the rotational speed of 
the turbine valve block mechanism, and the well deviation can be 
calculated. Notably, the frequency and amplitude features remain 
distinguishable despite signal attenuation during transmission. 
This distinctiveness ensures reliable identification  of pressure- 
coded signals even under energy loss conditions.

Measurement accuracy constitutes the critical performance 
parameter for mechanical well-deviation measurement systems. 
This accuracy is predominantly governed by the flow  measure
ment precision of the turbine rotor. To enhance system calibration, 
we expanded the pulse-generator simulation matrix to include 
four distinct inlet diameters (Di) corresponding to well deviation 
of 24◦, 27◦, 33◦, and 36◦. As evidenced by the computational fluid 
dynamics results in Fig. 16(b), the generated pulse signal fre
quencies measure 3.5, 3.78, 4.05, and 4.1 Hz for these respective 
well deviation angles. Notably, the frequency corresponding to the 
30◦ well deviation angle registers at 3.85 Hz, while the 24◦ and 27◦

cases exhibit symmetrical distribution about the linear regression 
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Fig. 16. Simulation signal characteristics. (a) Frequency domain diagram of pressure 
pulse signal under different conditions; (b) Frequency variation curve of corre
sponding pulse signal when well deviation; (c) Relationship curve between well 
inclination and overflow area, turbine rotor speed and signal frequency.
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line. The coefficient of determination R2 for linear fitting is 0.965. 
This result proves that there is a highly linear positive correlation 
between frequency and amplitude. This nonlinear behavior pri
marily stems from two factors: (1) the inherent flow sensitivity of 
the turbine mechanism, and (2) the influence of the systemʼs in
ternal configuration on fluid flow dynamics.

Through theoretical calculation and simulation analysis, the 
corresponding relationship between well deviation and overflow 
area, turbine rotor speed and signal frequency is shown in 
Fig. 16(c). The ground signal acquisition end can determine the 
well deviation of the measured pulse signal through the changes of 
the four parameters.

4.4. Experimental verification

To verify the above-mentioned inclined flow control structure 
of the well and the functionality of the turbine pulse generator, a 
cyclic loop experimental system as shown in Fig. 17 was designed. 
The working process of the experimental system is as follows: 
When the tilt angle of the control well changes, the bias sensing 
module on the main line distributes the flow under the action of 
gravity, and the shunt system directs one branch of the flow to the 
turbine pulse generator. Pressure sensors are installed in the 
experimental system to monitor pressure pulse signals. Flow 
sensors and rotational speed sensors are set up, which are 
respectively used to monitor the changes in the flow  of each 
branch and the changes in the turbine rotational speed. The in
formation of the experimental equipment is shown in Table 8.

During the experiment, when the well deviation was set at 90◦, 
60◦ and 30◦, the data such as the pressure pulse signal of the well 
deviation of the experimental system and the flow were measured. 
The flow  rates were set at 30, 25, 20 and 15 L/s to analyze the 
variation characteristics of the key components of the mechanical 
well deviation measurement system under different flow rates.

Fig. 18(a) displays the raw mud pulse signal generated by the 
turbine-driven pulse generator during experimental operation. 
The data reveal that the eccentric structural design induces regular 
pressure fluctuations  in the turbine pulse generator. Since the 
noise in the signals collected in the hydraulic circulation experi
ment system mainly comes from the high-frequency noise 
generated by the mud pump, low-pass filtering  processing is 
adopted here to remove the noise interference. Fig. 18(b) shows 
the denoised mud pulse coding waveforms at different flow rates 
within a single operation cycle. The data demonstrate a direct 
proportionality between flow rate magnitude and pressure pulse 
amplitude, with higher flow  conditions producing significantly 
enhanced signal intensities. The pressure loss generated by the 
tool during the experiment was 3 MPa.

The flow variation curve controlled by the counterweight sta
bilizing platform with the change of well slope is shown in Fig. 18(c). 
The flow  distribution changes nearly linearly with the change of 
well deviation angle, verifying the reliability of the counterweight 
diversion structure design method. Under different flow rates, the 
variation law of the turbine speed was basically the same as that of 
the simulated turbine speed. As shown in Fig. 18(d), under different 
flow  rates, the variation law of the turbine speed is basically 

Flowmeter
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Tank

Pressure sensor

Shunt system
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Pulse generator

Internal channel

Outflow channel

Fig. 17. Circulating pipeline test system.

Table 8 
The structure and theoretical design parameters of the experimental prototype.

Parameter Values Parameter Values

Diameter, mm DN50 Maximum pump flow rate 35 L/s
Diameter of the branch pipeline DN25 Maximum well deviation adjustment angle 90◦

Flowmeter measurement accuracy ±1.0% Measurement accuracy of pressure sensors 0.1% FS
Measurement range of the flowmeter 4–140 m3/h Measurement range of the pressure sensor 0–5 MPa
Sampling frequency 1000 Hz Pipeline connection form Flange
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consistent with that of the simulated turbine speed. With the in
crease of flow rate, the rotational speed of the turbine gradually 
increases and shows an approximately linear change law, which is 

conducive to distinguishing the well deviation information. The 
rotational speed of the turbine in the simulation is higher than the 
measured rotational speed value in the experiment. This is because 
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Fig. 18. Experimental signal characteristics. (a) Noisy pulse signal; (b) Pulse signals under different flow  rates; (c) Pipeline diversion variation curve; (d) Comparison of 
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Fig. 19. Introduction to the field experiment and the collected effective signals. (a) Depicts the schematic diagram of the downhole testing structure; (b) Effective original signal.
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the internal flow field of the turbine structure is more stable in the 
simulation than in the experiment, and in the experiment, the 
turbine speed decreases due to frictional resistance.

To evaluate the mechanical transmission efficiency, in both 
indoor and underground experiments, when the flow was 25 L/s, 
the speed fluctuations in both were quite obvious. The simulation 
speed is 235 rpm and the experimental speed is 195 rpm. There
fore, the maximum speed loss of the turbine is 17%. Combining 
Eqs. (1) and (3), the maximum value of the turbine friction torque 
of the indoor experimental system can be obtained as 7.5 N⋅m. In 
the future, the impact of frictional resistance on turbine perfor
mance can be further reduced through structural optimization.

5. Testing in well

Based on the dual-component experimental system of well de
viation sensing and well deviation signal generation structure, an 
engineering prototype of mechanical well deviation measurement 
was developed. The whole machine was made of erosion-resistant 
materials and downhole experimental analysis was carried out. The 
testing procedure is illustrated in Fig. 19(a). The experiment was 
conducted during drifting operation, engineering prototype was 
deployed near the drill bit end in the drill string assembly without 
MWD and downhole power drilling tools. Mud pulse pressure signals 
were collected at the standpipe. Summary of downhole conditions: 
Testing points are located at well depths of 400, 800, 1200, 1600, and 
2000 m. The wellbore size is 311.1 mm, the casing size is 244.5 mm, 
the downhole temperature at the testing point is 55 ◦C. The corre
sponding well deviation range is 0–20◦. A water-based mud was 
selected as the drilling fluid, with a density of 1.9 g/cm3 and a viscosity 
of 15 mPa⋅s. The drilling fluid flow rates were set to 20 and 25 L/s.

During the measurement process, it is necessary to raise the 
drill pipe by 2–3 m to ensure that the drill bit does not come into 
contact with the bottom of the well, and avoid stick-slip and vi
bration issues that may interfere with the stability of the down
hole tool. Drilling was stopped at each measurement point. The 
mud pump flow rate and the solid-control grade of the drilling 
fluid were regulated to minimize the impact of particulate impu
rities on the downhole tools. As illustrated in Fig. 19(b), the mud 
pulse signal was acquired at the surface. The mud pulse signal 
carrying encoded information is susceptible to noise interference. 
The main noise source is the high frequency noise of the mud 
pump. Effective mud pulse signals are obtained by adopting the 

method of composite filtering. The frequency characteristics of the 
effective pulse signal after denoising are analyzed by using the 
Fourier transform method.

Fig. 20(a) shows the frequency values obtained at different 
measurement points when the drilling fluid  flow  rate is 20 L/s. 
Different frequencies correspond to the well inclination angles at 
different measurement point positions. It can be found from the 
curve that the variation of the well deviation can be clearly iden
tified through the frequency characteristics of the signal, verifying 
the feasibility of the design mechanism of the mechanical well 
deviation measurement system. Compared with the results of the 
indoor experiments, the signal frequency generated by the turbine 
pulse generation structure during the underground experiment is 
higher than the frequency value of the indoor experiment signal. 
This is because during the well experiment, the density of the 
drilling fluid  is relatively high, and the pressure value in the in
ternal flow channel of the instrument is large, which causes the 
turbine speed to increase. The maximum frequency difference 
between the two is 0.16 Hz. During the experiment, the maximum 
error between the mechanical well deviation measurement angle 
and the actual well deviation was 2.6◦.

Fig. 20(b) shows the signal frequency variation curves obtained 
at each measurement point when the drilling fluid  flow  rate is 
25 L/s. At the same measurement point position, as the drilling 
fluid flow rate increases and the turbine speed increases, the signal 
frequency also increases. This variation pattern is consistent with 
the conclusion of the aforementioned research. The comparison 
between the indoor experimental results and the downhole 
experimental results shows that the frequency difference of the 
maximum well deviation signal is 0.32 Hz. Compared with the 
effect of flow rate variation, the maximum difference in the fre
quency of the well inclination angle at the same measurement 
point is 0.65 Hz, that is, at the position with the maximum well 
inclination angle. It can be estimated through the curve that as the 
well depth and flow rate increase, the rate of change of the signal 
frequency will gradually increase. During the experiment, the 
maximum error between the mechanical well deviation mea
surement angle and the actual well deviation was 2.3◦.

6. Conclusions

To address the operational limitations of conventional mea
surement tools in extreme environments typical of hot dry rock 
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Fig. 20. Signal frequency and well deviation characteristics. (a) Flow rate of 20 L/s; (b) Flow rate of 25 L/s.
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formations and ultra-deep drilling, this study develops a fully 
mechanical well-deviation measurement system. Through inte
grated numerical modeling, computational fluid dynamics (CFD) 
simulations, and laboratory validation tests, we systematically 
analyzed the systemʼs measurement accuracy and operational 
stability. Our experimental results confirm the technical feasibility 
of this mechanized deviation measurement system, yielding the 
following critical conclusions:

(1) The fully mechanical well deviation measurement system 
developed in this study achieves inclination measurement 
through an innovative mechanical design. The system uti
lizes a double-offset structure that detects well deviation 
and translates it into flow  rate variations, effectively con
verting effectively information into measurable parameters. 
Analysis reveals that the response accuracy of the offset 
block is related to the frictional resistance of the connection 
structure and its size and material. This study innovatively 
combines the turbine with the pulse generator. Due to the 
turbine’s sensitivity to flow changes, it can identify varia
tions in inclination and further generate mud pulse signals 
with amplitude-frequency variations.

(2) The numerical results are in good agreement with the 
experimental results. The pressure amplitude and rotational 
speed parameters obtained from the simulation calculation 
are larger than the experimental results. The maximum 
velocity loss is 17%, which is because kinetic energy and 
thermodynamic losses were not considered in the simula
tion calculation. The experimental results show that the 
well deviation signal can be effectively presented through 
the amplitude-frequency characteristics of the pulse signal. 
This system can overcome errors through structural opti
mization in the later stage to improve measurement 
accuracy.

(3) The flow rate is the key factor affecting the strength of the 
pressure pulse signal. The more obvious the amplitude 
change between the coded signals, the less distortion of the 
coding characteristics of the signal in transmission is 
ensured, and the identification degree of the signal in time 
domain is improved. The structure of the pulse generator 
can be optimized to further improve the signal identifi
ability under well deviation control.

(4) In the practical application process, the signal frequency is 
disturbed by various factors. In the well descent experiment, 
the maximum measurement error of well deviation was 
2.6◦. The next step of research can establish signal 
compensation and correction methods to ensure the sta
bility of signal generation and the accuracy of identification.

In future work, the measurement accuracy and reliability can 
be further improved by optimizing the structure, coding methods 
and signal recognition algorithms. In addition, under conditions of 
high temperature, high pressure and different drilling fluid  per
formance, comprehensive tests were conducted on the measure
ment accuracy, thermodynamic mechanical properties and 
material stability of the system.
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