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Abstract

With the more complex downhole conditions,

stuck drilling often occurs in downhole drilling system.

In order to quickly deal with the stuck drilling accident
and resume drilling operation, this study proposes an
up-and-down integrated hydraulic jar while drilling.
Theoretical analysis is conducted on the collision force
based on its working characteristics, and motion
simulation analysis of the jar couple is carried out. The
dynamic characteristics of the drill string system are
determined by establishing multi-degree-of-freedom
model for downhole axial vibrations, and subsequently
analyzing the resulting drill string vibration loads and
related parameters. Analysis results demonstrate that
in order to obtain a better effect of unlocking, the
hydraulic drilling jar should be installed as close as
possible to the stuck point, and the force acting on
hydraulic drilling jar should be increased. Finally, the
experimental verification is conducted to complete the
tensile and compression experiments of both upstroke
and downstroke generated by the drilling jar. The
maximum relative error of the upper impact collision
force was 6.9616%, and the average relative error was
5.6185%; while the maximum relative error between
theoretical calculation results and experimental values
of lower impact collision force was 6.7199%, and the
average relative error was 6.85%. All relative errors
are within the reasonable range. The reliability of the
theoretical calculations is confirmed through a
comparison between the experimental and theoretical
results.

Introduction

Oil and gas will remain the main source of
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primary energy in the world for a long time (Jin et al.,
2024). In the development of oil and gas resources, due
to the improper design of borehole trajectory, the
wrong operation of downhole operations and the
complex geological structure (Tian et al., 2023),
drilling tools are often stuck (Kelly, 2022; Mao et al.,
2015). At this point, it needs to be unstuck by field
personnel to resume drilling operations (Li, 2019). A
jar can be used to release the stuck drill when
conventional methods are not effective. The jar is a
kind of downhole tool which can make a strong impact
on the stuck drill by the elastic deformation of the drill
string and relieve the stuck drill accident very
effectively (Yin et al., 2014). While drilling, the jar is
a tool that can be used to release stuck along with the
drilling string. When the stuck occurs in the well, the
jar can be started immediately to produce a violent
release force to the stuck point to achieve the purpose
of releasing stuck (Mcgill et al., 1968). With the
increase of complex well conditions such as deep well,
ultra-deep well and horizontal well, the application of
jar while drilling is becoming more and more extensive
(Li, 2014).

The size of the jar force is directly related to the
performance of the jar. In the beginning, people
basically used the method of combining elastic wave
theory and dynamics to study the jarring force. Skeem
etal. (1979) regard the drill string as an elastic rod, and
based on the one-dimensional elastic wave theory,
establish a jar release model. In this model, the jar
serves as a release-and-catch mechanism allowing
energy to be transferred to the upper collars after the
jar triggers or releases and to the lower collars and
stuck point after impact. Based on the model
established by Skeem, Kalsi et al. (1987) added factors
such as friction, nonlinearity and damping into
consideration, and obtained the laws of vibration
displacement, velocity, acceleration and magnitude of
vibration force at each axis position of drill string
under the action of jolt release force. Based on the
Skeem theory, Zhang et al. (1998) also calculated the
impulse, stuck point displacement and jarring force
generated in the process of jarring release in detail,
providing a basis for adjusting the overpull of the jar
according to the actual situation during the jarring
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operation. Aarrestad et al. (1994) analyzed the
distribution of vibration load on the drill string during
jar release, and pointed out that the traditional
calculation method of friction in extended reach Wells
and horizontal Wells would lead to large errors in the
calculation results, and further studied the law of the
influence of heavy drill pipe on the jar release force.
Liu et al. (2008; 2008) used the Rayleigh method in the
process of shock and vibration, combined with the
propagation theory of elastic waves, to establish the
dynamic model of jar release, and completed the
dynamic discussion of the bench test of the hydraulic
hammer.

With the development of finite element software
and computer technology, finite element method has
also been applied to the calculation of jolt force (Deng
et al., 2008). Askew (1986) used the finite element
method to numerically simulate the jolting operation
under different drill assemblies and different well
depths to solve the variation laws of displacement,
velocity and released force. Newman et al. (2009)
considered a single drill pipe as a rod element with
multiple degrees of freedom, established a finite
element mechanical model according to actual drilling
conditions, and simulated and solved the dynamic
response of various locations. Li (2019) used ANSYS
to simulate various responses of the bottom drill pipe
under longitudinal impact, and compared it with the
theoretical analytical solution to verify the reliability
of the analytical solution.

At the same time, Han et al. (2015) developed a
double-acting mechanical hydraulic jar while drilling.
The mechanical locking of the tool can avoid false
vibration operation, and the hydraulic delay
mechanism of up and down stroke enhances the effect
of jar and unstuck. Guo et al. (2009) designed a fully
mechanical air drilling jar suitable for underbalanced
air drilling. Aiming at the service life of the jar while
drilling. Hu et al. (2016) developed a hydraulic
continuous jar, which is used in high-temperature and
high-pressure working environments. Feng et al. (2024)
proposed a bidirectional hydraulic jar, which
successfully solved the problem of stuck drill during
oilfield operations and verified the feasibility of
removing stuck mechanical shock absorbers. Pan et al.
(2010) specifically solved the bending strength ratio
between the upper joint and the converter joint, found
the cause of the fracture of the jar joint, and reduced
the zero point of the axial stress of the drill string to
the drill collar by optimizing the drill assembly. Fan et
al. (2013) optimized the design of the hydraulic
damping mechanism, the core component of the
hydraulic jar, improved the material of the damping
part and improved the surface treatment of the
damping part.

In this paper, hydraulic drilling jar with
reasonable structure and superior performance is
designed. The working mechanism and characteristics
are analyzed through theory, simulation and
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experiment. At the same time, the hydraulic drilling jar
solves the problem of unchangeable vibration force
after the conventional jar is inserted into the well,
realizes the drilling continuity and operation
convenience, greatly reduces the processing time of
stuck drill accident, and reduces the drilling production
cost.

Working mechanism

The hydraulic drilling jar is mainly composed of
four parts: drive assembly, upper strike assembly,
lower strike assembly and balance assembly. The
structure diagram of hydraulic drilling jar is shown in
Figure 1.

drive mandre|
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drive hydraulic cylinder short joint
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Fig. 1. The structure diagram of the hydraulic drilling
jar

The hydraulic drilling jar has an upper and lower
hydraulic cylinder, and following is an explanation of
how it works with up-jar impact motion.

Hydraulic drilling jars are generally in a fully
open state into the well, so before its upstroke
operation, it is necessary to reduce the hook or top
drive load, and lower the drill string to make the
hydraulic jar in a retracted state. When the drilling
process is stuck and needs an upward impact, the drill
string should be lifted up. When the upper edge of the
valve is moved to the pressurized zone, mandrel
system drives the valve to move slowly upward. The
elastic potential energy of the upper drill string and the
mandrel system keeps increasing.

After lifting the suspension weight to the set
parameters, stop the hook or top drive. Under the
action of elastic deformation force drive up, the upper
valve to continue to go up. Until the lower edge of the
upper valve leaves the pressurized zone, a large
amount of elastic potential energy stored is released
instantaneously.

The upper drill string and mandrel system elastic
contraction, and the upper valve accelerated upward
motion, until the internal joint collides violently with
the short joint, a strong upward impact force is
generated on the short joint, which is transmitted
through the cylinder system, the lower joint to the
lower drill string assembly, and then to the stuck point.

The down-jar impact is similar to the up-jar
impact. After the down-jar impact motion is completed,
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try to lift the drill string up. If the drill string up still
cannot lift successfully, it is necessary to gradually
increase the release force of the down-jar impact and
knock it down several times.

During normal drilling, hydraulic drilling jar is
located in the drill string system and acts similarly to
drill pipe. However, due to the position of the tool in
drill string system, the state of hydraulic drilling jar is
different, so the tool can be stressed differently. Figure
2 and Figure 3 show the axial force and torque transfer
of the jar while drilling when it is located above the
neutral point (the position in the drill string system that
is neither strained nor compressed).

Fig. 2. Tensile axial force transfer diagram of hydraulic
drilling jar during normal drilling
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Fig. 3. Tensile torque transfer diagram of hydraulic
drilling jar during normal drilling

When the hydraulic jar is located below the
neutral point, the axial force and torque transfer are
shown in Figure 4 and Figure 5.
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Fig. 4. Axial pressure transfer diagram of hydraulic
drilling jar during normal drilling
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Fig. 5. Torque transfer under pressure diagram of
hydraulic drilling jar during normal drilling

Comparing Fig. 2 and Fig. 4, it can be found that
the transmission of axial force will be different due to
the different states of hydraulic drilling jar. When
hydraulic drilling jar is in tension, the axial force is
transmitted from the up-jar couple. When hydraulic
drilling jar is under compression, the axial force is
transmitted by the down-jar couple. However, by
comparing Fig. 3 and Fig. 5, it can be found that the
torque transmission is not changed, although the state
of tool is different. The torque is transmitted to the
cylinder system by the mandrel and cylinder of the
drive assembly. For most cases, the hydraulic drilling
jar is above the neutral point and in tension in the drill
string system.

Jarring force of hydraulic drilling jar

Theoretical model

In order to better solve the regular of tension and
pressure which hydraulic drilling jar is subjected to,
the following assumptions are proposed for the
calculation model (Sun et al., 1997):

(1) Both the mandrel and hydraulic cylinder

system are regarded as elastomers with continuous and
uniform mass.

(2) In the collision process, the conversion of
kinetic energy and elastic potential energy is
considered, and the loss of other energy is ignored.

(3) Shock couple collision is completely inelastic,
there is no elastic rebound after collision.

The axial force transmission of hydraulic drilling
jar in tension is shown in Figure 6, where the dark blue
part is the pressure holding area. The axial force is
transmitted to the upper mandrel through the driving
mandrel, and then to the upper cylinder through the
valve body pressure on the upper mandrel, and then to
the lower drill string.

T R R I

Fig. 6. Diagram of up-jar impact process

At the moment of the up-jar impact, the collision
between the internal joint and the short joint is
equivalent to the collision of two elastic rigid bodies.
At this time, the upper impact collision force F;

obtained by mandrel system is:

F,=K,8,=2K,U,,
L, 1
_ (K™ FS[ v, ,] (1

m, +m, AE my,

where K, is the axial stiffness coefficient of the
cylinder system, o, is the deformation of cylinder
system under up impact force, U is the elastic
potential energy of the cylinder system, m, is the
quality of mandrel system, m, is the quality of the
cylinder system, F, is the upstroke release force, V, is

the longitudinal propagation velocity of elastic wave
in mandrel system, 4, is the equivalent cross-sectional

area of the mandrel system, E| is the elastic modulus of
mandrel system material and L,; is the upstroke.

According to the assumption, the shock is a
completely inelastic collision. The law of conservation
of momentum:

The axial force transmission of hydraulic drilling
jar under pressure is shown in Figure 7, where the dark
blue part is the pressure holding area.

Fig. 7. Diagram of down-jar impact process

Similarly, the lower impact collision force F,; can
be obtained as:

m Vv, L.
F.=K,m, - L F L & 2
Xj 27772 m1+m2 X[ ] ()

+
AE my,

where L, is the downstroke.
For this multi-rigid body collision model of
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hydraulic drilling jar, the Cartesian 3D coordinates of
colliding rigid body mass block i and the Eulerian
angle reflecting orientation of rigid body mass block
are used as the generalized coordinates:
g, =[x.y.zv.0,0]
T
g=[al .4, ]

The kinetic simulation software uses the
Lagrange multiplier method to establish the equations
of motion for the multi-rigid body system:

d oT; 0T, ¢ r

—(—) - (—) +g u+ = 4

a’t(aq') (6(]) gu+f,p=0 (4
where 7 is the kinetic energy of the collision system,
Q is the generalized force matrix of the system, u is the

€)

incomplete constrained matrix, o is the complete
constrained matrix and ¢ is the generalized velocity
matrix of the system.

For systems that are not fully constrained:
2(q,4,t) =0. For systems that are fully constrained:

/(g,0)=0.

For hydraulic drilling jar collision in this study,
the compensation method and impact function method
are used to define collision. Generally, the impact
function method is used to calculate the collision force,
which includes the elastic force generated by mutual
ingestion between the two collision bodies, and the
damping force generated by the relative velocity.

The expression of the impact function method is:

k(g0-q)
et =3 ~Coax *(dg/dt) - step(q,q, = 11,1,60,0) g < g,
0 q>4q,
Q)

Avoid the discontinuity of the damping force
during the collision, where the step function is

h, x<x,
2
- 2(x—
step = h0+(hl—h0)(x xOJ (3— (x xo)] X, <x<X
X~ X X~ X%
A X2 X
(6)

where £ is the shock couple stiffness coefficient, ¢, is

the initial distance, ¢ is the distance of collision body,
e is the collision index of collision mass, ¢ is the

maximum damping coefficient, dg/dr is the change

rate of the distance with time and % is the depth of
ingestion between two colliders.

Jarring force results analysis

According to the structural design parameters and
working mode of hydraulic drilling jar, the gravity
coefficient is set to 9.8, and material properties of each
component are edited. The constraints and motion
pairs are established, and finally the load and power
drive are added to kinematic pairs.

For the impact surface of the shock couple, the
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elastic index is set to 1.5, and the maximum damping
coefficient is 0.1%~1% of impact stiffness coefficient.
When the sticking accident occurs, the hydraulic
cylinder system of hydraulic drilling jar is equivalent
to being fixed to the earth. In the simulation software,
the lower end face of lower joint is fixed to the earth.
The mandrel system is set as a sliding pair for the earth.
The driving mandrel, upper mandrel, middle mandrel
and lower mandrel are simplified into a whole that is
fixed to each other. Similarly, the driving cylinder,
hydraulic cylinder, upper hydraulic cylinder, balance
hydraulic cylinder, lower hydraulic cylinder and the
lower joint are simplified into a whole that is fixed to
each other. Tension is added to the end face of the
driving mandrel. Finally, the simulation analysis and
calculation are carried out on the sliding pair.
According to the design parameters of ®168
hydraulic drilling jar in this study, combined with the
relevant arithmetic parameters, as shown in Table 1.

Table 1. Relevant arithmetic parameters

Parameters Unit Value
Elastic modulus of mandrel Pa 2.1x10M"
Poisson ratio gf mandrel \ 026
material
Mandrel material density kg/m? 7850
Kinematic viscosity of oil ~ mm?%s  14.396

Density oil of hydraulic oil  g/mm?® 8.7x10"°

Maximum OD of upper mm 4.44
mandrel core '
Maximum OD of lower mm 440
mandrel core '
Total length of mandrel m 3612
system ’
Mass of mandrel system kg 344432
Upper cylinder holding m 0.150
pressure length ’
Upper impact stroke m 0.135
Lower cylinder holding m 0135
pressure length '
Lower impact stroke m 0.125
Mass of cylinder system m 569.917
Total length of cylinder ke 6.07
system )
Elastic modulus of the
Pa 11
cylinder 2.1x10

The collision force is calculated by substituting
the relevant parameters and structure parameters of
hydraulic drilling jar into the calculation model. Solve
the upper impact collision force by taking the tension
force on the mandrel in the range of 300kN~800kN,
and solve the lower impact collision force by taking
the pressure on the mandrel in the range of
100kN~350kN. So, the collision force corresponding
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to the force on mandrel of hydraulic drilling jar are
calculated. The results of the theoretical calculation
and simulation comparison are shown in Figure 8 and
Figure 9.

Analysis of the theoretical calculation results and
simulation values in Fig. 8 and Fig. 9 shows that the
collision force generated by the hydraulic drilling jar
is positively correlated with the force acting on
mandrel. As the force acting on mandrel increases, the
collision force generated by it also increases. Since
there is no influence of the drilling tool combination,
the length of the mandrel is limited and elastic
deformation produced is small. The collision force
generated by the hydraulic drilling jar is not much
different from the force acting on its mandrel, so the
force acting on the hydraulic drilling jar is one of the
key factors to generate the collision shock force.
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According to Fig. 8 and Fig. 9, comparing the
theoretical calculation results with simulation solution
values, the overall simulation value of collision impact
force is smaller than the theoretical calculation results.
The reason is that, in the theoretical calculation, only
the conversion of kinetic and elastic potential energy
during the process; the theoretical calculation value
ignores the deformation generated by collision;
ignores the damping and conversion loss of internal
energy. However, the maximum relative error between
theoretical calculation and simulated value of the
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upper impact collision force is 9.8621%, and the
average relative error is 5.7665%; the maximum
relative error between theoretical calculation and
experimental value of lower impact collision force is
9.6123%, and the average relative error is 7.1042%; all
are within the reasonable range of relative error, which
confirms the reliability of the theoretical calculation
and the simulated value.

Axial dynamics analysis

When the drill is stuck, the jar while drilling is
started to unlock the stuck operation. Combined with
the actual drilling conditions, the actual movement of
the drill string system under the combined action of its
own properties, external forces and various boundary
conditions is quite complicated, which is not easy to
be expressed by reasonable mathematical expression.
Therefore, according to the existing research results on
axial vibration of drill string, the main influencing
factors were analyzed and the secondary influencing
factors were ignored to simplify the model (Zhao et al.,
2007; Tian et al., 2019; Li et al., 2004). Therefore, the
following hypotheses were proposed:

(1) Both the drill string system and the hydraulic
drilling jar are elastic deformable and have
approximately the same material properties.

(2) The drilling string system is located in a
vertical well with an inclination of 0° and the borehole
axis of the drilling string system is coaxial.

(3) Ignoring the transverse and torsional vibration
of the drill string system in the well, only the axial
vibration is considered.

(4) Both the drill string system and the borehole
boundary surface are rigid surfaces and are in uniform
contact.

(5) The effects of buoyancy and temperature
change of drilling fluid are ignored, and the effects of
torsion on axial length change of drilling string are
ignored.

(6) The drill string system is long enough that the
simplification of the upper boundary conditions does
not affect the propagation of the drill string vibration
waves.

(7) The kelly, drill pipe, drill collar and drill bit of
the drill string system are regarded as the equivalent
mass lumps respectively, and the mass blocks of the
drill collar contain both the weight drill pipe and the
centralizer.

(8) When the hook load indicator reading reaches
the design value of the jolt release force, it remains
fixed, assuming no displacement.

Dynamical model

Based on the simplified assumptions of above
model and combined with the actual drilling
conditions, the equivalent dynamic vibration model of
is established for kelly bar, drill pipe, drill collar,
hydraulic drilling jar, integrated drill collar and drill bit
contained in the drill string system.



The multi-degree-of-freedom  drill  string
dynamics model established in Figure 10. In the figure,

My, My, My =21y My 5 M, Iy, T, andyk s Vs Vo YasVas
Y, » Y& » ¥, represent the equivalent mass and axial

displacement of kelly bar, drill pipe 1, drill pipe 2---
drill pipe n, drill collar, tool, integrated drill collar and
drill bit. &, k-k,, k,,k ,k,, kande ¢\,

n o

C

5 C » C, TEpresent the axial stiffness and damping

between equivalent mass blocks. F, is the force of hook
acting on the kelly bar. F; is the axial shock force
output by hydraulic drilling jar. F, is the viscous

resistance caused by sticking.
Newton 's second motion law is applied to the
discrete equivalent mass block m;, of drill string.

For kelly bar, drill bit, hydraulic drilling jar and
integrated drill collar are separately:
i=k,F, =mg-F,
i=bF,=mg
. 8
i=j,F=mg=F) ®
i=ds,F,=m,g+F,
The differential formula of motion is derived:
mké{.k _Cl(y.l _yk) -k —-y)=mg-F,
g +¢, (yb Vs ) +k, ().}b - .)./ds) =m,g
mjyj _Cds(yds _yj) +Cj(yj _yd)
_kds(yds _yj) +kj(yj _yd) = mjg _Fj (t)
My Ve = (W = Vo) + (g = y/)
—ky(Vy = Vi) H ki (Vg —¥)) =mug + F,
By sorting out the above equation, the axial
dynamic model of each equivalent mass point of drill
string system can be obtained as follows:

)

my,—c(h=y)-kn-y)=mg-F,
m _Cz(yz _yl)+cl (yl _J./k)_kz()’z -
+h (b —y)=mg
my,—¢ (y3 _J>2) +C2(y2 _)-’1)_]‘3()’3 -»)
+k2()fz —-y)=mg
m,y, _cd(yd _yn)+cn (yn _j/n—l)_kd(yd =)
+h, (V) =Y, ) =m,g (10)
m,y, _Cj(yj _yd)+cd(yd _yn)_kj(yj =Y
+h, (v, —y,)=m,g
mjj}j _Cds(yds _yj) +Cj(yj _yd) — kg (Vg _yj)
+k},‘(yj _yd) =m;g— E(t)
My ¥y, _Ch(yh _ydv)+cdt(ydt _yj) —k,(vy = Y4)
+hy (Vo —y)=mug+F,
m,y, +¢, (yb _).’d:)‘F ky(¥y = yy)=m,g
Suppose that the initial boundary conditions are:
(t=0)=0
b0 0 (1
where i is the node unit of each equivalent mass
block from kelly bar to drill bit of drill string system.
The axial drill string state vector z is:
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z :(yka)}kayl9J>1a"'syn9ynayda)>d:yjs
.).}jsyds"ydv’y[J’)}b)T (12)

=(21,255235 245" 3272 Z > Zm_5>

T
Z45Zm 33 Zm2Zm1>Zm

m-4°
where m=2n+8 is the order-number of the system
state variables.

By dividing the left and right sides of Equation
(10) by the equivalent mass m, at the same time, the

m=32“m-2°“m-1°

Equation (12) can be written in the form of a first-
order differential equation group:

41 =5
. ¢ k F,
z,=g-—(z _24)_m71(21 _Zs)_”Th
k k k
Z,=2z,
. C k
Z,=8 +m71(zz _24)"';1(21 -1z)
1 1
c k
_j(z4 - Za)_ ;2(23 -2z5)
1 1
. C k
Zm—6 = g + mid(zm—S - Zm—()) + mid(zm—9 - Zm—7)
d d
C.
_7](Zm—6 - Zm—4) - 7(Z/n—7 - Z/n—S)
d d
Zm—S = Zm—4
Zm—4 =g + (Zm—f) - Zm—4) + m7](2m—7 - Zm—S)
J J
¢, ’ Fi(1)
. ( m-4 Zm—Z) - . (Zm—S - Zm—3) -
. m; m; m;
Zm—} = Zm—Z
Cu ky
Z,, =8+ (Zm—4 - mez)"'miv(szs ~Z,3)
ds ds
S k £y
_7(Zm—2 - Zm) _i(zm—fi - Zm—l) + m
ds ds ds
Zm—l =z,
. C k
Zm = g + ;b(zrn—z - Zm ) +m7b(zm—3 - Zm—l)
b b (13)

The axial stiffness &, between each two equivalent

mass blocks is:
k = ”Ei(Diz _diz)
! 4

i

(14)

wherei is the equivalent node of drill string, E.is the
elastic modulus of drill string material, D, is the outer
diameter of equivalent node of drill string, d, is the
inner diameter of equivalent node of drill string and /,

is the length of equivalent node of drill string.

Along the axial direction of drill string, the
damping of material structure is usually small, and the
viscous damping of drilling fluid is large. Therefore, in
order to accurately analyze the axial vibration
characteristics of downhole tool, it is necessary to
consider the influence of viscous damping. For the
convenience of calculation, Rayleigh damping is used
in this paper. The damping matrix of equivalent mass
block of drill string system can be expressed by mass
matrix and stiffness matrix. The damping matrix is:
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C=aM+ fK (15)
where o and P are two proportional constant
coefficients, which are valued by the relevant results
of reference in this paper.

The mass m, of the drill string equivalent node

block in the drill string system is:

m, =7 pI(D} ~d) (16)

where p, is the material density at equivalent node of
drill string.

kelly bar
drill pipr(1)

drill pipe(Z)

drill pipe(n)

drill collar

hydraulic drilling jar

Integrated drill collar
(drill collar,

high weighted drill pipe,
stabilizer)

drill bit

Fig. 10. Diagram of down-jar impact process

Case study

The established multi-degree-of-freedom drill
string dynamics model is numerically analyzed, and
the critical calculation parameters are shown in Table
2.

Table 2. Axial vibration related parameters

Parameters Unit Value
Mass of drill collar kg 1.2x10*
Mass of hydraulic drilling jar kg 915
Mass of integrated drill collar kg 3x10*
Mass of drill bit kg 85
Outer diameter of high weight m
R 0.127
drill pipe
Inner diamet.er of high weight m 0.0762
drill pipe
Outer diameter of drill collar m 0.1588
Inner diameter of drill collar m 0.714
Coefficient o \ 0.1
Coefficient \ 0.001
Length of drill string joint m 9.5
Stuck resistance kN 600

It is assumed that stuck point is located at the
depth of 4500 m, and hydraulic drilling jar is installed
100 m away from the stuck point. In the axial direction
of the whole drill string system dynamics model, the
upper joint of the kelly bar belongs to the upper
boundary condition. When the hook load reaches the
design value of specified jarring release force, keep
fixed, that is, there is no displacement change on the
upper boundary. The jarring load generated by
hydraulic drilling jar is directly applied to the drill
string system. The axial direction is set as the origin of
moment before the collision of hydraulic drilling jar,
and the load acting on hydraulic drilling jar is 750kN.
Remove nodes 50m and 100m from the drilling jar for
single knock calculation respectively. The vibration
displacement and velocity results of each node are
shown in Figure 11.

By analyzing Fig. 11, with the increase of
distance from the node to hydraulic drilling jar, the
vibration displacement and velocity amplitude of drill
string nodes gradually decreased, and the displacement
and velocity amplitude at the installation of hydraulic
drilling jar are the largest. Since the structure of drill
string and the input conditions are unchanged, only the
node positions are different, so the vibration frequency
will not change. After 3s of the jarring force, the
vibration displacement of three nodes is maintained at
about 0.51m, and the vibration speed gradually stops.
Therefore, in order to obtain a better effect of jar, it is
necessary to install hydraulic drilling jar as close as
possible to the stuck point.

The axial direction is set as origin of the moment
before the collision of hydraulic drilling jar, and the
down-jarring force acting on it is 400kN, 600kN and
800kN respectively, which is the lifting force
calculated for single jarring calculation. The results of
vibration displacement and vibration velocity at the
node of hydraulic drilling jar are shown in Figure 12.

Analysis of Fig. 12 shows that with the increase
of lifting force acting on hydraulic drilling jar, the
vibration displacement of the node at hydraulic drilling
jar increases significantly, and the displacement
amplitude increases. The velocity amplitude will also
increase with the increase of jarring force. After 3s of
the jarring force, stop the vibration, and vibration
displacement is 0.52m, 0.37m, 0.24m respectively.
Therefore, in order to obtain a better effect of jar, it is
possible to increase the force acting on hydraulic
drilling jar. However, the bearing capacity of drill
string system, downhole tools and location equipment
is limited, so it is impossible to rely on unlimited
increase of lifting force to enhance the effect of jar.

Keep the BHA (Bottom Hole Assembly)
unchanged, the lifting force acting on hydraulic
drilling jar is 750kN, and the moment before the
collision of hydraulic drilling jar is set as the origin in
the axial direction. The well depths of 3000m, 4000m
and 5000m are taken as the single jarring calculation.
The results of vibration displacement and velocity at
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the node of hydraulic drilling jar are shown in Figure
13.

According to Fig. 13, with the increase of well
depth, the vibration displacement and vibration
velocity will increase, and the displacement and
velocity amplitude will also increase. Due to the
increase of well depth, which is equivalent to the
increase of the length of upper drill string, under the
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same lifting force, the jarring load generated by
hydraulic drilling jar will increase, and the effect of jar
will be better. Therefore, the unlocking effect of deep
wells is generally better than that of shallow wells. At
the same time, with the change of drill string structure,
the frequency of vibration displacement and velocity
will also change.
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Fig. 12. Vibration displacement and velocity at hydraulic drilling jar under different lifting forces
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Fig. 13. Vibration displacement and velocity of hydraulic drilling jar at different well depths

Experimental test

In order to verify the feasibility of mechanical
principle and whether the performance meets design

requirements, the working performance of hydraulic
drilling jar is further tested. The expansion and
movement speed of hydraulic rod is set, and the
tension or pressure of hydraulic rod of test system is
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adjusted. The vibration data of hydraulic drilling jar is
collected by the sensor, and the variation law of the
upper and lower impact forces of hydraulic drilling jar
is studied and analyzed to evaluate the working
performance.

The tension and compression test bench of
hydraulic drilling jar is shown in Figure 15, mainly
includes a loading hydraulic cylinder console, a
loading hydraulic cylinder and a clamping test bench.
The combination of tension and compression test is
hydraulic telescopic rod + upper connect + hydraulic
drilling jar + lower connect. The experimental
environment temperature is at room temperature
indoors. The hydraulic oil used is the standard anti-
wear hydraulic oil with ISO VG 46 viscosity, and the
pressure adjustment range is 0-140Mpa. After the
experimental combination is connected, the 30%-50%
of maximum release force is designed to test stretching
and compressing hydraulic drilling jar, and the
expansion fluency of each connection and mandrel
system is checked. Then install the test instrument and
complete the installation and debugging of test
instrument. The vibration test was conducted using an
acceleration sensor in the experiment. The sensor was
installed on a fixed platform and connected to the
dynamic signal analysis system and the computer via
data cables. Start the data acquisition system, transfer
the acceleration signal collected by the acceleration
sensor to the data acquisition card, and store it through
the computer, as shown in Figure 14. The acceleration
sensor used in the experimental test is the CA-YD-106
piezoelectric sensor, and its main technical indicators
are shown in Table 3. During the experimental test, by
loading the hydraulic cylinder console, the telescopic
speed, tension and compression force of the telescopic
rod of the loading hydraulic cylinder are controlled
until the unlocking shock is completed.

Dynamic signal

analysis system

Computers and
Acquisition systems

Fig. 14. Experimental testing equipment

By loading the hydraulic cylinder console,
control the telescopic speed, tension and compression
force until the jarring is completed.

After hydraulic drilling jar is assembled and
inspected, it is shipped to the test site for experimental
testing. Use the trolley to lift it horizontally into the
tension and compression test bench. The drive mandrel
of hydraulic drilling jar is connected to the telescopic
rod of loading hydraulic cylinder through the upper
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connect, which can be moved in the direction of the
drill follower axis on the tension and compression test
bench, as shown in Figure 16.

Table 3. Main technical indicators of CA-YD-
106 piezoelectric sensor

Project Value
Axial sensitivity (20%
o 2
5C) 5pClg
Peak value 2000g
Maximum lateral sensitivity <5%
Frequency response (£
.5~12000H
50 0.5~12000Hz
Working temperature range -20~+120C

—— -
:: = |

.

\ ’(Loading cylinder console

)
Experimental by

hydraulic drilling jar upper joint

telescopic rod
Fig. 16. Field diagram of hydraulic drilling jar upper
connection

hydraulic drilling jar test bench

Fig. 17. Field diagram of hydraulic drilling jar lower
connection
The lower joint of hydraulic drilling jar is

lower joint



connected to the lower connect, and the lower connect
is fixed to the tension and compression test bench.
Therefore, during the experiment, the hydraulic
cylinder system equivalent to hydraulic drilling jar is
fixed with the tension and compression test bench, and
cannot be moved to simulate the stuck drill situation,
as shown in Figure 17.

According to the experimental equipment
connection and layout diagram, the experimental
combination is assembled, the connection of each part
is checked, the preparation work is completed, and the
experimental test of the drilling jar is carried out. The
test steps and specific operations are as follows:

(1) By loading the hydraulic cylinder console, the
moving speed of telescopic rod connecting the upper
end of hydraulic drilling jar is set to
500mm/min~650mm/min. The tension of telescopic
rod is adjusted to 30%~50% of the designed release
force. Complete the operation of tensioning and
compressing hydraulic drilling jar once, and check
each connection part again.

(2) By loading the hydraulic cylinder console
again, t the moving speed of telescopic rod connecting
the upper end of hydraulic drilling jar is set to
500mm/min~650mm/min. The tension of telescopic
rod is adjusted to 1.1 times of the designed release
force. Complete three times of tensioning and
compressing hydraulic drilling jar until unlocking the
jar.

(3) According to the experimental equipment
connection and layout diagram, the experimental data
acquisition equipment is connected. The data
connection line and test instrument are checked in the
normal state, and the experimental test of hydraulic
drilling jar is carried out.

(4) Set the moving speed of the telescopic rod is
500mm/min~650mm/min; set the tension of the
telescopic rod to 400kN; start collecting data; and stop
collecting after unlocking the shock.

(5) According to the above method, the tension of
telescopic rod is set to 600kN and 800kN respectively,
and the pressure of telescopic rod is set to 150kN,
250kN and 350kN respectively. The experiment is
carried out and the data is collected. When testing the
down-jar experiment, change the sensor direction.

(6) After the completion of experimental test,
disassemble experimental equipment, and hydraulic
drilling jar, and organize the experimental test
equipment, clean up the experimental site, and
complete the hydraulic drilling jar experiment.

The hydraulic drilling jar is placed on the tension
and compression test bench for upward and downward
impact experiments. At a speed of
500mm/min~650mm/min, 1.1xmaximum allowable
release force, the mandrel is pulled or pressed along
the axis of hydraulic drilling jar. It can unlock the jar
normally, and the delay time is greater than 30s.
Conform to the design requirements. Due to the short
length of mandrel, the elastic deformation is limited,
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but the tension or pressure acting on mandrel remains
unchanged during the unlocking jarring process.
Therefore, on the test bench, even if mandrel system
produces a small elastic deformation, the jarring
couple can still collide and produce a huge noise.

Through the analysis of collected experimental
data, Figure 18 and Figure 19 are obtained. (a), (b), and
(c) in Fig. 17 represent 400kN, 600kN, and 800kN
tension of hydraulic telescopic rod acting on the
mandrel system of hydraulic drilling jar, respectively.
(a), (b), and (¢) in Fig. 18 represent 150kN, 250kN, and
350kN pressure exerted by the hydraulic telescopic rod
on the mandrel system of hydraulic drilling jar,
respectively.
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Fig. 18. Vibration acceleration of hydraulic cylinder
system under different tension

In order to verify the accuracy, the theoretical
calculation results are compared with experimental test
results. Through the relative error calculation formula,
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the relative error between the experimental value and
the theoretical calculation value of each experimental
test point is calculated respectively.

0 1 2 3 4 5
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(a) Pressure: 150kN
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Fig. 19. Vibration acceleration of hydraulic cylinder
system under different pressure

By observing and analyzing Figure 20 and Figure
21 respectively, it can be seen that the maximum
relative error between theoretical calculation results
and experimental values of upper impact collision
force is 6.9616%, and the average relative error is
5.6185%. When only the tensile force acting on the
mandrel system of hydraulic drilling jar is changed.
Change the pressure acting on the mandrel system of
hydraulic drilling jar, the maximum relative error
between the theoretical calculation result and
experimental value of lower impact collision force is
6.7199%, and the average relative error is 6.85%.
From the comparison between theoretical calculation
results and experimental values of impact force, it can
be seen that when the parameters changed are the same,
the trajectory trends changed are the same. The release

force increases linearly with the increase of the tension
or pressure, and the error is less than 10%. Therefore,
the reliability of theoretical calculation results is
explained, and the relative error mainly comes from
the simplification of theoretical calculation model. In
the theoretical calculation, there is only the conversion
of kinetic energy and elastic potential energy during
the process. The theoretical calculation value ignores
the deformation caused by the collision, and the
conversion loss of damping and internal energy is
ignored.
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Fig. 20. Comparison of theoretical calculation results
and experimental values of upper impact force
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Fig. 21. Comparison of theoretical calculation results
and experimental values of lower impact force

Conclusion

In this paper, design a kind of hydraulic drilling
jar, introduce its working mechanism and performance
characteristics in detail, and carry out working
characteristics and dynamic analysis. Finally,
experimental tests are carried out.

By establishing a theoretical model for the
mandrel system's force and jarring impact force, we
conducted simulations of the jarring force using
ADAMS software. Subsequently, a comparative
analysis was performed between the theoretical
calculation value and simulation results. The
maximum relative error between theoretical
calculation and simulated value of the upper impact
collision force is 9.8621%, and the average relative
error is 5.7665%; the maximum relative error between
theoretical calculation and experimental value of lower
impact collision force is 9.6123%, and the average
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relative error is 7.1042%. All are within reasonable
range of relative error.

The dynamics model is carried out for the
combination of drilling tools equipped with hydraulic
drilling jar, and the analysis is combined with the
jarring load results of drilling string and relevant
parameter calculations. The results of axial vibration
displacement and velocity are obtained with different
node positions, lifting forces and well depths. In order
to obtain better vibration unlocking effect, hydraulic
drilling jar can be installed as close to the stuck point
as possible, and increasing the vibration force acting
on hydraulic drilling jar. At the same time, the
unlocking effect of deep wells will be better than that
of shallow wells.

Finally, the experimental verification 1is
conducted to complete the tensile and compression
experiments of both upstroke and downstroke
generated by the drilling jar. The maximum relative
error between theoretical calculation results and
experimental values of upper impact collision force is
6.9616%, and the average relative error is 5.6185%.
Change the pressure acting on the mandrel system of
hydraulic drilling jar, the maximum relative error
between the theoretical calculation result and
experimental value of lower impact collision force is
6.7199%, and the average relative error is 6.85%.

After the comparative analysis, the theoretical
calculation of upward and downward impact force is
within the tolerance range of error, which is consistent
with simulated value and experimental results. The test
results verify the correctness of theoretical calculation
to a certain extent, which is a further test of the
working performance of hydraulic drilling jar and can
provide some guidance for the subsequent structural
optimization.
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