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Abstract. Resource reserves can be effectively controlled through slim borehole horizontal 
drilling, which can significantly reduce costs and enhance efficiency. Therefore, it has been widely 
used in petroleum, geothermal, shale gas and water resources exploration. But the large friction 
between the drilling string and borehole can cause downhole accidents. In this paper, a new 
method of vibrating drag reduction is proposed, with using turbine to drive the rotary valve to 
control flow. Axial vibration excitation produced by high-pressure water can greatly reduce the 
friction. Firstly, a rotary valve mathematical model with flow hydraulic oscillation and vibration 
is established, whose work characteristics are simulated using numerical methods. And then lab 
experiments are conducted to verify the design. 
Keywords: long horizontal borehole, slim borehole, hydraulic oscillation, rotary valve, vibrating 
drag reduction. 

Nomenclature 

 Static friction coefficient 
 Dynamic friction coefficient 

 Force between pipe and borehole well, N 
 Average drilling speed, m/s 
 Axial vibration amplitude, m/s 
 Sliding friction force, N 

 Density of drilling fluid, kg/m3 
 Annulus area of rotor on driven parts, mm2 
 Annulus area of low port on driven parts, mm2 

 Pressure propagation velocity, m/s 
 Thickness of the drill barrel, mm 
 Elastic modulus of the drilling fuild, mpa 
 Elastic modulus of the drill barrel, mpa 

 Flow area of the rotation valve, mm2 Δ  Pressure drop of the driven motor, mpa 
 Axial force coefficient, generally set = 1 
 Average diameter of the rotor, mm 
 Eccentricity between the rotor and stator, mm 
 Distance between the eccentric hole and shaft center, m 
 Radius of flow hole 3, m 
 Radius of flow hole 4, m 

 Area of flow hole 4, m2 
 Area of sector , m2 
 Area of sector , m2,  
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 Area of quadrilateral , m2 
 Eccentricity of the rotation valve, mm 
 Rotating speed of rotor, rad/s 
 Input flow, m3/s  

1. Introduction 

For slim borehole drilling [1], the borehole curvature is often large with long  
horizontal-section. The wall is exerted by greater pressure and friction, easily causing the drill 
string buckling [2]. This will result in the weight on bit lose and induce the well accident, seriously 
affecting the drilling speed. The friction plays a key role in improving the penetration rate, which 
should be well controlled. The current methods for reducing friction of the horizontal and small 
diameter wells are primarily consisted of the followings: adding additives to improve the drilling 
fluid lubricity, controlling the drilling track, and installing anti-friction systems [3]. Generated by 
high pressure drilling mud axial vibration force of the hydraulic oscillator, the static friction can 
be converted to kinetic friction, increasing the dynamic stiffness of the tool [4], which is regarded 
as the best drag reduction mode and has great prospective. 

Since the 1990s, many international oil companies are committed to study hydraulic oscillator, 
which has been commercialized application as a representative is the Axial-oscillation Generator 
Tool (AGT) [5], which was developed by National Oilwell Varco (NOV), and originally used in 
coiled tubing drilling. However, due to the better vanquishing effect [6], the soft longitudinal 
reciprocating vibration can be produced at the bottom of the column [7], reducing the friction 
between the drilling string, and making the borehole wall during drilling weight on bit (WOB) 
effective delivery. It can also reduce the torque gradually, which allows it tobe used in highly 
deviated wells, and multi-branch horizontal well drilling [8]. In 2001, Rasheed W. et al., In a well 
in the North Sea for Andergauge Ltd introduced downhole vibration tool (Agitator) on-site 
applications, and the hydraulic oscillator was first put into use in China’s domestic Su 36-8-18H 
wells where the drilled rate was increased by 30 %-40 % [9]. In 2012, Xin sha well 21-28 [10], 
Reach well Zhang 29-38L wells and horizontal wells in Sichuan and Chongqing also used this 
tool, achieving good effects. In the same year, Daqing Drilling Engineering Company developed 
a new hydraulic oscillator, the power section and the valve shaft portion with a structure instead 
of the blade achieving power and functionality with streaming capabilities [11].  

The paper [12] compares a number of field runs with and without an AGT and quantifying the 
actual downhole accelerations caused by adding the oscillation system to the drill string. The 
results show that the addition of an effective axial oscillation tool positively influences drilling 
performance while maintaining compatibility with all drill string components. The paper [13] 
focuses on expansion of the tool application with both conventional rotary and rotary steerable 
BHA's. Significant improvements in drilling performance are revealed when combining AGT and 
RSS. In the paper [14], the reach extension in the field trials with modeling predictions is 
compared by using tool output measured via a downhole force gauge. Zhang Hui [15], and Wang 
Guohua [16] designed a disc spring type hydraulic oscillator, and accomplished the laboratory and 
field test [17]. The paper [18] reviews the benefits and drawbacks of Axial Oscillation Tools and 
Lateral Vibration Tools. The research concludes that axial oscillation tools provide significantly 
more effective friction reduction. The paper [19] presents the benefits of utilizing the axial 
oscillation tool in conjunction with standard RSS drive systems in directional drilling applications. 
This provides a significant reduction in stick slip vibration levels and more stable drilling 
operation in all modes of drilling. Steve Jones [20] describes the operation and field-test results 
from a new axial oscillation tool, which uses a mud valve to generate pressure pulses in the string. 
These pressure pulses are magnified using a specifically designed stroke tool referred to as an 
amplifier. The mud valve is driven with a short power section from a Positive Displacement Motor 
(PDM). Experimental studies have been carried out on the valve disc parameters, such as, 
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oscillation frequency，pressure drop，flow rate and the valve disk, the effects on the hydraulic 
oscillator performance have been studied by Luo Chaodong [21]. 

In summary, based on a variety of hydraulic oscillator field applications, the current problems 
are mainly in the following aspects: (1) Pressure drop loss is generally too large, leading to the 
local head loss significantly. Consequently, the pressure of the impact crushing caused by the 
drilling fluid will be reduced, which results in the rock drilling capacity decline. (2) The study 
unnatural frequency of the drill string and hydraulic vibrator is not adequate. The hydraulic 
oscillator or the hydraulic parameters should be placed properly to avoid resonance, reducing the 
damage of the MWD downhole and other precision instruments. (3) The research on hydraulic 
oscillator mechanism is short, so that the relevant hydraulic and structural parameters selection is 
not accurate. (4) Due to the presence rubber parts, the PDM cannot be used in high temperature 
drilling. (5) The materials used in hydraulic oscillator needs to be further optimized to reduce 
water erosion and increase the component life. 

In this paper, we firstly propose a basic structure of the turbine-driven hydraulic oscillator 
whose flow is controlled by valve. A friction model, circulation valve vibration model, and drag 
reduction model were established by the use of dynamics, hydraulics and tribology theory. Based 
on the results made by numerical simulation analysis, lab experiments were conducted to verify 
whether its work mechanism is right. The influences of the structural parameters and hydraulic 
parameters on the hydraulic oscillator were researched out, which helps to determine the optimum 
vibration frequency, lying a good foundation for further research and application of drag reduction 
method. 

2. Model of vibrating drag reduction 

2.1. Model of friction  

For the axial hydraulic oscillation, it can transform the coefficient of static friction to the 
kinetic, and by periodically lowering the drill string and the borehole wall positive pressure, the 
frictional resistance between the drilling string and the borehole wall can be reduced. According 
to the basic principles of tribology, the static friction and dynamic friction are expressed as: = ,= . (1)

In general, = 0.75 . The drill string can be stick due to the large friction. When it is 
performed as the static one, the axial vibration can be converted into the dynamic one to reduce 
the friction.  

 
Fig. 1. The change of the instantaneous velocity with friction 

When the drill string vibrates in axial, the vibration speed will super impose on the drilling 
speed. Fig. 1 plots the change of the instantaneous velocity at one point of the drill string with 
friction and time. Studies have shown that the velocity varies by sine law. Let vibration period be 
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, and the instantaneous velocity of a particle after being superimposed can be expressed as: 

= +   sin 2 . (2)

In Fig. 1, OC represents , CD represents , and DE represents . Then the vibration time 
in the positive direction within one period of time is: = + . (3)

In the negative, vibration time is: = . (4)

Let the frictions be positive when the vibration occurs in the positive direction. Therefore, 
within a period of oscillation, the friction can be partly offset. So, an average friction force  can 
be expressed as in Eq. (5), which is significantly less than the frictional force without the vibration 
friction: 

= −+ . (5)

2.2. Model of rotary valve 

Fig. 2 plots the rotary valve model with hydraulic flow. -  represent the annulus area of 
the spool connected parts, represented by ,  where the pressure and flow rate with the 
corresponding positions are  and  (where = 1, 2, 3, 4, 5, 6) respectively. 

 
Fig. 2. Rotary valve structure model 

Let the local head loss through every flow area be ℎ . According to the law of energy 
conservation, the energy loss is: 

ℎ = ( − )2 ,= ,     = 2, 3, 4, 5, 6. (6)

The total loss and the local head loss of the fluid from the rotation valve to the static valve can 
be expressed respectively as: 
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ℎ = ℎ + ℎ ,ℎ = 0.5 1 − 2 ,
ℎ = 1 − 2 .  (7)

According to the Bernoulli’s equation, the corresponding pressure at each point can be 
calculated by Eq. (8): = + 2 ( − ) − ℎ , = 2, 3, 4, 5. (8)

The force of the static valve is from the rotary valve outlet pressure difference, water hammer 
drilling fluid force and the axial force from the motor rotor, which is calculated by Eq. (9): = + + . (9)

According to the force analysis, the pressure difference between inlet and outlet And  can be 
calculated by Eq. (10): = ( − ) − ( − ) − ( − ). (10)

The water hammer force produced by drilling fluid can be calculated by Eq. (11): = ( − ),= ,= ⁄1 + 2 ( )⁄ . (11)

The axial force from the motor rotor is calculated by Eq. (12): = Δ ( + 16 ). (12)

2.3. Flow area calculation model 

The water hammer force is affected by the flow area of rotary valve and its structure. It uses 
the structure of eccentric hole in rotary valve, as shown in Fig. 3(a) and Fig. 3(b) respectively. 
Two ultimate states during rotation of the rotary valve and the valve with the static flow area of 
the shaded figure are the drilling fluid flow area  in Fig. 3. 

 
a) Max area 

 
b) Min area 

Fig. 3. The limit position of the rotation valve 
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During the rotation, due to the relative position of the eccentric of radius 3 and 4, two circular 
flow areas have always been in change. Set  is the center of the static valve hole, so the 
maximum flow area and minimum flow area can be calculated by Eq. (13): < ,= − + − ,≥ ,= + − . (13)

If  are much larger than , the two circles may not intersect when in a certain period of  
time. When circle  is included in the inner circle of , the flow area can be calculated by 
Eq. (14): = . (14)

If the center of circle  is coincident with the center of the stator, the distance from the circle 
 to circle  is calculated by Eq. (15): = + − 2 cos(2 + ). (15)

The intersecting chord  of  can be calculated by Eq. (16): 

= 1 ( + + )( + − )( + − )( + − ). (16)

The central angle of  and  to arc CD are calculated by Eq. (17): = 2arcsin 2 ,= 2arcsin 2 . (17)

So, when ≥ , Flow area can be expressed as Eq. (18): 

= 12 + 12 − 12 , ≥ ,− 12 + 12 − 12 , 0 < < ,, No joint of and . (18)

When < , Flow area of drilling mud can be calculated by above-mentioned method, while 
the results must get by exchanging the r1 and r2 in Eq. (18). 

2.4. Model of vibration drag reduction  

Fig. 4 plots the model to simulate the vibration of the horizontal section. The left end is fixed, 
where the phenomenon of sticking is investigated under pressure. The right is exerted by the effect 
of hydraulic oscillator excitation, where the non-excited state and excited state are investigated 
respectively. 

Resonance for the house of hydraulic vibrator oscillation frequency of the natural frequency 
of the drill string, must be analyzed on the natural vibration frequency of drill. Let  and the total 
length of the drill string be fixed at one end, used to indicate displacement of a point on the drill 
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string. The drill string is assumed due to the homogeneous elastomer, then the lines of constant 
density , cross-sectional area of the drill string , modulus of elasticity of the drill string material 
is . 

 
Fig. 4. Axial vibration model of drilling string 

For periodic rotation, the total length of the drill string is constant. The vibration displacement 
amount changes over time can be considered as a harmonic function of time. To the drill string 
under tension, for example, by taking a short length of the analysis, you can get the drill string 
vibration equation is calculated by Eq. (19): ( ) + ( ) = 0, 0 < < ,= . (19)

The natural oscillation frequency of the drill string is , and = ⁄ . Assuming 
fixed at one end of the drill string, and the other end is elastically supported, which supports that 
stiffness coefficient is , the following boundary conditions: (0) = 0,( ) = − ( ). (20)

According to Eq. (19), the boundary condition ( ) = sin ⁄ , and substitute it 
into Eq. (20), we can get the formulate: 

− = 1 sincos . (21)

When the other end of the drill string is free to move, = 0 and cos = 0, whose solution is: 

= (2 − 1)2 , (22)

When the other end of the drill string is fixed, = +∞ and sin = 0, whose solution is: 

= ( − 1) , = 1, 2, 3. (23)

q(x,t)

F(x) F(x+dx)
q(x,t)dx

K
u(x,t) u(x+dx,t)

x dx
L
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Let the damping ration is . The natural frequency  can be expressed as Eq. (24): = 1 − . (24)

According to equations from Eqs. (22)-(24) and the conditions of the string itself, the natural 
frequency are related to  and . As the drilling goes on, the value of  and  will also increase, 
which can result in the decrease of the natural frequency. Assume that the damping ratio is always 
the same. According to the conclusions obtained, the hydraulic oscillator should avoid the 
resonance frequencies within the range of different depth.  

The ( , ) represents the load distribution at point of  when hydraulic oscillator’s works as 
is shown in Fig. 4. When the vibration excitation increases, the motion equation of the free 
vibration can be expressed as Eq. (25): ( , ) + ( , ) = ( , ). (25)

The general solution of Eq. (25) can be expressed as: 

( , ) = ( ) ( ). (26)

The vibration frequency after excitation is  with its motion function ( ) . Substitute 
Eq. (26) into Eq. (25), we can get: 

( ) + ( ) = ( , ) ( ) , = 1, 2, 3. (27)

After one hydraulic oscillator of the model shown in Fig. 4 is added at the free end, the 
excitation force can be ( ) = sin( ) since the water generated by the oscillator is a sine wave 
excitation harmonic excitation. Based on Eq. (27), we can get: 

( ) + ( ) = ( − ) sin( ) 2 sin (2 − 1)2 . (28)

After integrating the right part of Eq. (28), it can be changed into: 

( ) + ( ) = (−1) sin(ω ) 2 , = 1, 2, 3. (29)

According to the Duhamel’s principle, we can get the solution of Eq. (29) as: 

( ) = 2 (−1)− sin( ), = 1, 2, 3. (30)

Substitute the solution on of Eq. (29) into Eq. (26), we can get the steady state response as: 



2250. STUDY OF VIBRATING DRAG REDUCTION MECHANISM DURING HORIZONTAL DRILLING IN SLIM BOREHOLE.  
YU WANG, BAIRU XIA, ZHIQIAO WANG, JUN ZOU, BAOLIN LIU 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2016, VOL. 18, ISSUE 8. ISSN 1392-8716 5003 

( , ) = 2 sin (−1)− sin (2 − 1)2 . (31)

According to the model calculated above, it is shown that the vibration displacement is closely 
related to the length of the drill string. When the total length of the borehole is given, the closer 
of the position of hydraulic oscillator to the bit, the larger the length  is, which means the larger 
of the vibration amplitude. This can effectively overcome the friction, till up to the ground. The 
vibration can be gradually weakened and the energy can be absorbed by the drill string. 

Let the string drilling speed per unit time is , and the instantaneous displacement of one place 
can be expressed as: ( ) = + ( , ). (32)

Let the drilling direction be positive when it agrees with the direction of ,  and the 
displacementis positive when the friction is positive. When the reverse displacement caused by 
vibration is greater than , the negative frictional resistance will be produced, resulting in a less 
total friction. 

3. Methodology 

3.1. Simulation model parameters 

According to the aforementioned mathematical model, the software AMESet is used to 
establish the valve element model. Set the port variables and parameters control valve. The 
simulation process can be expressed as: the drilling fluid flows from the vibration input into the 
model system, then enters the valve model. The control valve model is driven by motor to cause 
the flow area change. The changes feedback to the vibration model simultaneously. The vibration 
of the massive model can be achieved through the area difference between the upper and lower 
ends of the valve piston. The basic parameters of the simulation are shown in Table 1. 

Table 1. The basic simulation parameters 
Items Value Unit 

Displacement of pump 360 cc/rev 
Ration speed of driven motor 1000 rev/min 
Stiffness coefficient of spring 3100 N/m 
Initial speed of mass 0 m/s 
Mass 1000 kg 
Static friction coefficient 0.15 null 
Dynamic friction coefficient 0.12 null 
Angle of rotation valve 190 degree 
Diameter of rotation 40 mm 
Rotation speed of valve 600 rev/min 

3.2. Experimental method 

To verify the above mathematical model, in this paper, an independent design of the 
experimental apparatus is shown in Fig. 5. Both ends of the device are pressure transducer 
interface, with pump and water tank connected, respectively. The transparent glass-cylinder is 
used in the vibration device in order to observe the internal vibration process. The input shaft by 
the motor speed and torque through timing belt to simulate transient rotation characteristics and 
transient pressure and flow characteristics. Valve of a structure using an eccentric hole through 
the mud pump input flow constant pressure. 
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Fig. 5. Experimental device 

Experimental parameters that need to be tested include spring compression displacement, the 
amplitude of vibration, frequency of vibration, import and export pressure, flow of drilling pump, 
and rotation speed. JYB-4 MPa pressure transmitter is used to test the stress. CD33-120NV laser 
displacement sensor is used to collect the vibration displacement and vibration frequency. 
DH5909 handheld dynamic signal tester is used to acquire data, which is mainly suitable for IEPE 
sensors. In this paper, non-IEPE sensor is the mere tester to be used, so BNC connector is selected 
correspondingly. The experimental program is shown in Fig. 6. 

 
Fig. 6. Experimental program 

4. Result and discussions 

4.1. Simulation results 

4.1.1. Vibration amplitude variation 

Fan included angle, valve orifice area flow area, vibration frequency, input flow, and 
equivalent stiffness have great influence on hydraulic oscillation amplitude. Through simulation, 
the influence of these factors can be obtained and shown in Fig. 7. The opening angle increases as 
the flow area increases, causing the amplitude decrease slowly at first and then rapidly to the end. 
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The resonance occurs when the frequency is between 3 Hz and 9 Hz; the amplitude will increase 
linearly; when the equivalent stiffness coefficient is less than 4.1 KN/mm, the amplitude will 
increase, while when the stiffness coefficient is greater than 4.1 KN/mm, the amplitude will 
decrease, where there is a maximum. 

 
Fig. 7. Vibration amplitude variation 

4.1.2. Vibration force variation 

Hydraulic oscillation exciting force is decided by flow area of rotary valve, drilling fluid flow, 
and vibration frequency. Through simulation, the outcomes can be obtained as is shown in Fig. 8. 
The exciting force decrease with the flow area increases, with the reduced speed gradually  
slowing. Exciting force and amplitude vary with the flow are the same as a linear growth. Under 
the same condition, it can be seen that the amplitude indirectly reflects the exciting force. The 
influence of vibration frequency is little on the exciting force and amplitude. Fig. 8 shows that 
abnormal enlarged vibration forces appear at 3 Hz and 10 Hz, which means that the resonance 
occurs. Therefore, this area should be avoided. Based on the above analysis, the smaller flow area 
is, the greater the flow and the centrifugal force are. 

 
Fig. 8. Vibration force variation graph 
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4.2. Experiment results 

4.2.1. Vibration amplitude and force variation 

During the experiment, the vibration shaft will vibrate stable after it compresses near the 
equilibrium. According to the corresponding amount of compression spring, the exciting force can 
be calculated under this condition. Therefore, spring compression directly reflects the exciting 
force. Let the rotational speed be 300 rpm, 600 rpm and 900 rpm, with the flow being 0.5 L/min, 
1 L/min and 1.6 L/min. The changing laws of the vibration amplitude and excitation force are 
examined through the experimental device, which will be compared with the simulation results.  

Fig. 9 plots the displacement and vibration amplitude when the rotary speed is 600 rpm, that 
is, when the vibration frequency of 10 Hz, and flow rates are 1 L/s and 1.6 L/s respectively. When 
the rotational speed is 600 rpm with the flow rate of 1 L/s, the vibration amplitude generated by 
the oscillator is about 0.3 mm. When the flow rate is 1.6 L/s, the vibration amplitude is about 
1.4 mm. With increasing flow, the spring compression becomes larger, reflecting the exciting 
force becomes larger. The experimental results well agree with the simulation results as shown  
in Fig. 8. 

 
Fig. 9. Vibration amplitude variation graph with flow 

Fig. 10 shows vibration amplitude and displacement when theoretical speed is 300 rpm, 
600 rpm and 900 rpm, and the vibration frequencies are 15 Hz, 10 Hz and 5 Hz with the same 
flow rate 1 L/s. The stable amplitude of the hydraulic oscillator are 0.7 mm, 0.3 mm and 0.2 mm, 
in line with the aforementioned simulation results. With increasing speed and vibration frequency, 
the vibration amplitude variation becomes smaller, but with gradual increase of the compression 
spring, reflecting that the exciting force also becomes larger. 

 
Fig. 10. Vibration amplitude variation graph with rotation speed 
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4.2.2. Pressure drop loss variation 

Fig. 11 shows the law of pressure drop with flow and speed. It can be seen from the figure that 
with a valve at the same speed, the pressure drop at the valve port becomes larger as the flow 
increases. When the flow rate is the same, as the speed increases, the valve opening pressure drop 
will slightly reduce. But the overall pressure drop is small, which is between 0.16-0.25 MPa. The 
results indicate that the design effectively reduces stress loss, helping to improve the drilling 
efficiency. 

 
Fig. 11. Pressure drop loss variation graph 

Yu Wang and Bairu Xia establish the mathematics model. Yu Wang and Zhiqiao Wang 
conceived and designed the experiments, and they also wrote the paper. Zhiqiao Wang performed 
the experiments. Baolin Liu analyzed the data. Jun Zou contributed simulation results. 

5. Conclusions 

Based on the rotary valve with flow, the hydraulic vibration drag reduction mechanism is 
studied through theoretical analysis and simulation. To verify the simulation results, an 
independent experimental device is designed. In the paper, we can get the following conclusions: 

1. The natural frequency of the oscillation is related to the drill string mass  and the total 
length of the drill string . With the increasing of borehole length, mass  and length  will 
increase, but with the decrease of the natural frequency. When the damping ratio is assumed under 
the same condition, a hydraulic oscillator with higher vibration frequency shall be selected when 
the horizontal section is longer. 

2. The vibration amplitude and exciting force of drill string can be adjusted by the valve orifice 
area, vibration frequency, input flow, and other parameters. The exciting force and vibration 
amplitudes both become smaller as the area becomes larger. With the increase of the rotational 
speed of the rotary valve, the vibration amplitude becomes smaller, but the exciting force becomes 
larger. And with the increase of the flow rate, the amount of compression of the spring becomes 
larger, reflecting the exciting force can also become larger. 

3. The hydraulic oscillator should be used at a frequency that is different from the resonant 
one of the drill string to avoid the damage to the drill string. The best frequency range is 
determined as 10-15 Hz when using the Ø89 hydraulic oscillators. 

4. Based on the proposed flow rotary valve, the pressure drops of the hydraulic oscillators only 
0.16-0.25 MPa, far lower than the one used currently. This can be used to effectively reduce the 
pressure loss, helping improve the drilling efficiency and proving the correctness of the program. 
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