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a b s t r a c t

Novel valve spring blocking structure for generating pulsed waterjet was proposed, which belonged
to interrupted type and purposed using in petroleum drilling. The characteristics and rock breakage
performances of the pulsed waterjet were studied through experiments by changing its structural
parameters. Results showed that the pulsed waterjet could be generated through the reciprocating
motion of stem under the pressure difference and its rock breakage performance was better than
continuous jet under the same conditions. The theoretical frequencies were slightly higher than the
experimental value due to the ignorance of friction resistance between components and viscous
resistance of fluid. The results provided a basis for its applications in petroleum drilling engineering.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Waterjets have been used for rock breakage for centuries due
to the low cutting forces and high efficiency (Farmer and Attewell,
1965; Lu et al., 2015; Momber, 2003). In order to improve the
erosion effect of waterjets under lower pressure, several types of
waterjets have been developed over the years (Liu et al., 2020),
including cavitating waterjet, abrasive waterjet, pulsed waterjet
and rotating waterjet. Among them, pulsed waterjet, which a
non-continuous jet and composed of a series of discrete water-
slugs, can cause huge damage to the surface and interior of the
target by generating water hammer effect (Foldyna et al., 2009;
Dehkhoda and Hood, 2014; Ghadi et al., 2016; Foldyna et al.,
2020), and has a potential use in breaking hard-rock due to its
high-power intensity, simple machinery and minimal tool-wear
characteristics (Vijaym, 1995).

A well-established rock breakage mechanism using pulsed
waterjets is that a water-hammer pressure is applied on the
solid–liquid interface when the highly compressed water pulse
reaches the rock surface (Bowden and Field, 1964; Heymann,
1970; Lesser and Field, 2003; Rein, 1993; Sahaya Grinspan and
Gnanamoorthy, 2010). The pressure difference across the free
surface detaches the shock wave from the contact edge and trig-
gers high-velocity lateral jetting, which is two to five times the
impact velocity and good for cuttings removing (Bizanti, 1990)

∗ Corresponding author.
E-mail address: lizhina00@163.com (Z. Li).

and then the pressure on the solid–liquid interface reduces to the
stagnation pressure. The cyclic loading induced by the pulsed jets
will intensify the fatigue failure of the rock and the surface layer
removal. Many researches discussed the influences of the veloc-
ity, nozzle diameter, stand-off distance and rock properties on the
breakage performances of pulsed waterjet (Dehkhoda et al., 2012;
Hood et al., 1990).

The pulsed waterjets can be modulated by several methods,
such as compressed, interrupted and excited (Li et al., 2016).
The compressed way needs power producer that can generate
periodical energy and then the energy is transmitted to the fluid
to actuate the fluid erupting at high velocity. The interrupted way
includes rotating a disk and reciprocating a piston, and has been
successfully applied, whose challenges are the durability and
reliability of moving components in harsh working environments
(Nebeker, 1987; Xue et al., 2019). The exited way is based on
the principle of self-resonating nozzles (Johnson et al., 1982;
Li et al., 2016; Liu et al., 2018; Morel, 1979). Magnetostriction
and piezoelectric actuators are also used for generating pulsed
waterjet (Foldyna et al., 2006, 2004; Riha and Foldyna, 2012).
Of these methods, the interrupted pulsed waterjet devices can
generate completely interrupted pulses, which may eliminate
the water cushion effect and fully utilizes the water hammer
pressure in rock breakage, and is simple to implement with good
controllability for field applications (Liu et al., 2015).

In this paper, a valve spring blocking modulation tool of pulsed
waterjet is proposed (see Fig. 1), which belongs to interrupted
type and purposes using in petroleum drilling. The drilling fluid
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Fig. 1. Structure diagram of the valve spring blocking drilling tool.

flows through the upper nozzle and enters into the inner cylinder.
When the drilling fluid flows through the narrow gap between
the stem and valve seat, a pressure difference between the top
and bottom of the stem is formed due to Bernoulli effect and
pushes the stem moving downwards to compress the spring. The
passageway of the drilling fluid will be closed instantaneously
once the stem touching the valve seat, and a positive and neg-
ative water hammer pressure are formed above and below the
stem, respectively. The negative water hammer pressure spreads
downward and erupts out of the drill bit nozzle acting on the
bottom hole and decreases the bottom hole pressure. Meanwhile,
the positive water hammer pressure transmits from the top to the
bottom of the stem along the interior of the inner cylinder and the
annulus between the inner cylinder and shell, and erupts out of
the drill bit nozzle acting on the bottom hole and increases the
bottom hole pressure. When the positive water hammer pressure
reaches the bottom of the stem the pressure difference between
the top and bottom surfaces of the stem is balanced, and then
the stem moves upward from the lowest point to the highest
point under the action of spring force. The passageway between
the stem and valve seat is reopened and the water hammer
pressure disappears. The above processes repeat and a pulse jet
is generated in succession.

The major work of this paper is composed of the following
parts: we first theoretically analyzed the modulation mechanism
and characteristics of pulsed jet, then we developed a prototype
to study the pulsed characteristics and rock breakage effect of
pulsed jet under different operating and structural parameters,
and obtained the optimal structure of prototype under laboratory
conditions. The research verified the feasibility of proposed valve
spring blocking tool and provided basis for the development of
related technologies.

2. Modulation mechanism of the pulsed waterjet

When the drilling fluid flows through the annulus between
the stem and valve seat, a pressure difference between the upper
and lower ends of the stem forms owing to the Bernoulli’s effect.
The resultant force of the pressure difference, stem gravity and
spring force pushes the stem moving advance and return along
the stem axis (see Fig. 2). The clearance between the stem and
valve seat changes periodically as the stem moving. A positive

Fig. 2. The force analysis of the stem.

water hammer pressure and negative water hammer pressure
alternate below the valve seat and are transmitted directly to
the drill bit nozzles. The working process of the modulation tool
can be subdivided into three stages: the stem moving downward
stage (i.e. the stem moves downward from the highest point until
the clearance between the stem and valve seat becomes zero), the
positive water hammer pressure transmitting stage (i.e. the water
hammer pressure transmitting from the top to the bottom of the
stem along the interior of the inner cylinder and the annulus
between the inner cylinder and shell during the flow channel
between the stem and valve seat closing) and the stem moving
upward stage (i.e. the stem moves upward from the lowest point
to the highest point when the pressure difference is balanced).

The forces acting on the stem include the fluid pressure differ-
ence F⃗l, stem gravity G⃗ and spring force F⃗s. The pressure difference
between the top and bottom surface of the stem can be expressed
as

Fl = ρlcA · ∆v = ρlc(A1 − A2 + A3) · ∆v (1)

where Fl is the fluid pressure difference, N; ρl is the density of
drilling fluid, kg/m3; c is the pressure wave propagation velocity,
m/s; v is the drilling fluid flow velocity at the entrance of valve
seat, m/s; A is the effective action area of drilling fluid, m2; A1,
A2, A3 are the action areas of drilling fluid, m2.

The flow velocity at the entrance of valve seat can be ex-
pressed as

v =
4Q

π (d22 − d21)
(2)

where Q is flow rate, m3/s; d1 and d2 are the diameters of the
stem end, m.

According to geometric relation

s =
d2 − d1

2
cos θ (3)

where s is the clearance between stem and valve seat, m; θ is the
taper angle of the stem, rad.

The flow velocity at the entrance of valve seat changes to the
following form

v =
Q
sπ

cos θ

(d2 −
s

cos θ
)

(4)

The spring force can be expressed as

Fs = k(x +
s

sin θ
) (5)

where Fs is the spring force, N; k is the spring stiffness, N/m; x is
the initial compression, m.



P. Wang, Z. Li, H. Ni et al. / Energy Reports 6 (2020) 713–720 715

The following equation can be obtained according to the en-
ergy and momentum conservations

Fl
s

sin θ
−

1
2
k(x +

s
sin θ

)2 =
1
2
mv2

h − mg
s

sin θ
(6)

(Fl − Fs + G) T1 = mvh (7)

where m is mass of the stem mass, kg; vh is the downward
velocity of stem, m/s; T1 is the time for stem moving downward
to the lowest point, s.

Substituting Eqs. (1), (4)–(6) into Eq. (7) we can obtain the
turn-off time of the clearance between the stem and valve seat

T1 =

√
2m

[
ρlc(A1 − A2 + A3) s

sin θ 1
Q
sπ

cos θ

(d2−
s

cos θ
)
−

k
2 (x +

s
sin θ

)2 + mg s
sin θ

]
ρlc(A1 − A2 + A3) Q

sπ
cos θ

(d2−
s

cos θ
)
− k(x +

s
sin θ

) + mg

(8)

After the stem contacting the valve seat, the high-pressure
drilling fluid transmits from the top to the bottom of the stem
along the interior of the inner cylinder and the annulus between
the inner cylinder and shell to counterweigh the pressure differ-
ence acting on the stem. The transmitting time of the pressure
wave is

T2 =
2L
ζ c

(9)

where T2 is the transmitting time of the pressure wave from the
top to the bottom of the stem along the interior of the inner
cylinder and the annulus between the inner cylinder and shell,
s; L is the inner cylinder length, m; ζ is the influence coefficient
of external cylinder and adjacent material on the pressure wave.

When the high-pressure wave reaching the bottom of the
stem, the pressure difference acting on the stem will be bal-
anced. According to the energy and momentum conservations the
following equations can be obtained
1
2
k(x +

s
sin θ

)2ζ − mg
s

sin θ
=

1
2
mv′2 (10)

ζk(x +
s

sin θ
)T3 = mv′ (11)

where T3 is the time of stem moving upwards, s; v′ is the velocity
of stem when it reaches the highest point, m/s.

Combining equations (10) and (11) the time of the stem mov-
ing upwards can be obtained

T3 =

√
mζk(x +

s
sin θ

)2 −
2m2gs
sin θ

ζk(x +
s

sin θ
)

(12)

Then the frequency and amplitude of the pulsed jet can be
calculated

f =
1

T1 + T2 + T3
(13)

Pa = ρlc
Q
sπ

cos θ

(d2 −
s

cos θ
)

(14)

where f is the frequency of pulsed jet, Hz; Pa is the pressure
pulsation amplitude of the pulsed jet, Pa.

3. Experiment

3.1. Experimental setup and procedure

Experiments are conducted using a specially designed setup
shown in Fig. 3. The equipment consists of a high-pressure pump,

Table 1
Rock breakage experimental scheme.
Group number Stem

clearance s
(mm)

Upper nozzle
diameter d1
(mm)

Spring
length L
(mm)

Lower nozzle
diameter d2
(mm)

1 3 6 25 4
2 3 8 27 5
3 3 10 32 6
4 4 6 27 6
5 4 8 32 4
6 4 10 25 5
7 5 6 32 5
8 5 8 25 6
9 5 10 27 4
10 (contrast) – 8 – 4

valve spring blocking prototype and Brüel & Kjær dynamic pres-
sure testing system (Type: 3560-A-002). The rock sample is ce-
ment stones mixture by quartz sand (granularity is 0.3 mm–
0.6 mm and density is 3100 kg/m3) and building cement accord-
ing to cement-sand ratio 1:2.5. The uniaxial compressive strength
and Poisson ratio of the rock sample are 30.6 MPa and 0.23,
respectively.

The experiments of pressure pulsation characteristics and rock
breakage performances of the pulsed jet were carried out, respec-
tively. Firstly, assembling the valve spring blocking prototype and
fixing it in the shelf and adjusting its position to designed standoff
distance. Secondly, starting the plunger pump and adjusting it
to scheduled pressure. Thirdly, starting counting, measuring and
saving the peak and valley values of instantaneous impact pres-
sure. Finally, stopping counting and turning off the plunger pump
and measuring the radius, depth and volume of the borehole
forming in the rock samples.

3.2. Results analysis

3.2.1. Pressure pulsation characteristics of waterjet
The upper nozzle diameter, pre-tightening force of spring,

stem clearance and lower nozzle diameter are the main structural
parameters influencing the performance of the pulsed waterjet.
The rock breakage depth and pressure pulsation of outlet are
used as the optimization standards, and the orthogonal table L9
(43) is chosen to conduct tests (Table 1). The pump pressure
and standoff distance for these tests equal 15 MPa and 15 mm,
respectively. The erosion time for each test equals one minute
and each test was repeated over three times under the same
conditions to assure the reliability of the experimental data. The
rock breakage results of these ten structures is shown in Fig. 4.
As can be seen from Fig. 4, the rock breakage effects of most
pulsed jets are better than continuous jet (i.e. 10th group) and
the fifth group achieves the best rock breakage depth. Fig. 5
compares the pressure changes of the 5th group and 10th group
with time during experiment. The pressure fluctuation amplitude
and frequency of pulsed jet modulated by the 5th prototype is
larger than the continuous jet, which is the main reason for the
better rock breakage effect of the 5th group. In addition, the
pressure fluctuation of the continuous jet (i.e. 10th group) dues
to the pressure fluctuation of the plunger pump.

The operating parameters (such as pump pressure and stand-
off distance) and structure parameters of the engineering proto-
type are quite different from the laboratory principles prototype.
Thus, it is necessary to research the influences of the operating
and structural parameters of the valve spring blocking tool on the
jet characteristics and rock breakage
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Fig. 3. Schematic diagram of the experimental setup.

Fig. 4. Rock breakage results of structures in Table 1.

Fig. 5. Comparison of the pulsed waterjet (5th group) and continuous waterjet
(10th group).

3.2.2. Influence of operating parameters
Choosing the 5th group prototype in Table 1 to research the

influence of operating parameters (i.e. pump pressure and stand-
off distance) on the rock breakage effect and jet characteristics.
Figs. 6 and 7 show the influence of pump pressure on the jet
characteristics and rock breakage effects, respectively. As can be

seen from Fig. 6, the average pressure and pressure pulsation of
the pulsed jet and continuous jet both increase with increasing
pump pressure. The average pressure of continuous jet is a little
higher than the pulsed jet under different pump pressures. The
pressure pulsation of the pulsed jet is lower than the continuous
jet when the pump pressure is lower than 10 MPa and signifi-
cantly higher than the continuous jet when the pump pressure
is higher than 10 MPa. Corresponding to that, the rock breakage
depth of these two jets are almost the same when the pump
pressure is lower than 10 MPa and the rock breakage depth of
the pulsed jet is significantly higher than the continuous jet when
the pump pressure is higher than 10 MPa (see Fig. 7). The main
reason for above phenomenon is the hydraulic energy pumped
into the prototype is not enough to modulate the pulsed jet when
the pump pressure is relatively small and the prototype consumes
some hydraulic, which make the average pressure and pressure
pulsation of pulsed jet is lower than continuous jet. When the
pump pressure is higher than 10MPa and continues to increase,
the prototype begins working and modulating increasingly in-
tense pulsed jet, which results in better rock breakage effects
accordingly.

Fig. 8 shows the influence of standoff distance on average
pressure, pressure pulsation and rock breakage depth. From Fig. 8,
the average pressure decreases slowly with increasing standoff
distance and rapidly decreases when the standoff distance is
higher than 27 mm. The pressure pulsation increases slowly
with increasing standoff distance and rapidly increases when
the standoff distance is higher than 30 mm. The reason for this
phenomenon is that the jet scatters and becomes instability at
the outlet when the distance is large (i.e. 30 mm), which results
in low average pressure. Meanwhile, the jet center sometimes
deviates from the pressure acquisition center in case of large
standoff distance. All these mean the pressure data in case of
large standoff distance (i.e. >30 mm) cannot accurately reflect the
working condition inside the prototype. Different with the change
of pressure, the rock breakage depth increases first and then
decreases with increasing standoff distance. The rock breakage
depth reaches the maximum value in case of 23 mm standoff
distance. The main reason for above phenomenon is the jet is
not fully expanded resulting in small impact surface, and the jet
interferes with its return flow after impacting the rock sample
and consumes part of the hydraulic energy when the standoff
distance is relatively small. The impact surface of jet gradually
unfolds and the interference with return flow decreases with
increasing standoff distance, which results in better rock breakage
effect. As the standoff distance continues increasing, the energy
consumption of the jet before it reaching the rock sample in-
creases sharply and the impact force weakens, which make the
rock breakage depth decreasing gradually. The optimal standoff
distance is 23 mm under the conditions of present experiment.
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Fig. 6. Contrast of the wave of continuous jet and pulsed jet (s = 23 mm). (a) Average pressure; (b) Pressure pulsation.

Fig. 7. Rock breakage of continuous jet and pulsed jet in different pressure
(s = 23 mm).

Fig. 8. Pressure and rock breakage depth of pulsed waterjet under different
standoff distance (P = 15 MPa).

Fig. 9. Influence of lower nozzle diameter on average pressure and pressure
pulsation.

3.2.3. Influence of structure parameters
The default parameters in this section including the pump

pressure P = 15 MPa, standoff distance s = 23 mm, stem clear-
ance h = 4 mm, upper nozzle diameter d1 = 8 mm, spring length
L = 32 mm, lower nozzle diameter d2 = 4 mm. Fig. 9 shows
the influence of lower nozzle diameter on the average pressure
and pressure pulsation of the pulsed jet. The average pressure
of pulsed jet increases firstly and then decreases with increasing
diameter of the lower nozzle and achieves the maximum when
the diameter of the lower nozzle equals 4 mm. The pressure
pulsation of the pulsed jet increases firstly and then enters into
a plateau. From the above analysis we know that the diameter
of the lower nozzle only affects the average pressure but not the
pressure fluctuation of the pulsed jet. This is because the diameter
of lower nozzle only affects the open area of the water but not the
valve spring structure.

Fig. 10 shows the influence of upper nozzle diameter on the
average pressure, pressure pulsation and rock breakage depth
of the pulsed jet. The average pressure, pressure pulsation and
rock breakage depth all increase firstly and then decrease with
increasing diameter of the upper nozzle and achieve their max-
imums when the diameter of the upper nozzle equals 10 mm.
The reason for this phenomenon is that the consumption of
the hydraulic energy is large when the diameter of the upper
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Fig. 10. Influence of upper nozzle diameter on waterjet pressure and rock
breakage performance.

Fig. 11. Influence of stem clearance on waterjet pressure and rock breakage
performance.

nozzle is relatively small and the consumption of the hydraulic
energy decreases with increasing diameter of the upper nozzle.
When the diameter of the upper nozzle exceeds 10 mm, the
water flow velocity after it flowing through the upper nozzle
is relatively small and the modulation structure cannot work
effectively, which resulting in the lower rock breakage depth.

Fig. 11 shows the influence of the stem clearance on the aver-
age pressure, pressure pulsation and rock breakage depth of the
pulsed jet. Results show that the average pressure of the pulsed
jet keeps stable firstly and then rapidly increases, meanwhile,
the pressure pulsation of the pulsed jet fluctuates firstly and
then decreases rapidly. The rock breakage depth increases firstly
and then decreases and achieves its maximum when the stem
clearance equals 4 mm. The changes of the rock breakage depth
and pressure pulsation are similar. We can infer the pressure
pulsation is the main influence factor of the rock breakage depth
under the conditions of similar average pressure.

Fig. 12 shows the influence of spring length on the aver-
age pressure, pressure pulsation and rock breakage depth of the
pulsed jet. The spring length determines the preload of the spring

Fig. 12. Influence of spring length on waterjet pressure and rock breakage
performance.

and the preload directly affects the working frequency of the
modulation tool and the performance of the pulse jet. As can
be seen from Fig. 12, the average pressure and pressure pulsa-
tion fluctuates slightly while the rock breakage depth fluctuates
sharply. The rock breakage depth reaches to maximum when the
spring length equals 32 mm.

Previous single factor experiments suggest that the diameter
of the lower nozzle only affects the average pressure but not
the pressure fluctuation of the pulsed jet. However, the other
structural parameters will interact with each other, including the
diameter of upper nozzle d1, spring length L and stem clearance
s. The pressure pulsation and rock breakage depth of the pulsed
jet are chosen as the optimization standards, and the twenty-
seven group orthogonal tests are conducted (see Table 2). The
pump pressure and standoff distance are respectively 15 MPa and
23 mm during all the tests. Fig. 13 shows the average pressure,
pressure pulsation and rock breakage depth of the pulsed jets
under different structural parameters in Table 2. The average
pressure of the pulsed jet is relatively gentle, ranging from 10
MPa to 14 MPa. The pressure pulsation fluctuates greatly and
has no obvious rule, among which the pressure pulsations of
groups three, fifteen and eighteen are relatively larger. The rock
breakage depths also fluctuate greatly and the changing trends
of its middle part are similar to the pressure pulsation, among
which the rock breakage depth of groups nine, fifteen and eigh-
teen are relatively larger. Comparing the results of the average
pressure, pressure pulsation and rock breakage depth, we can see
that group eighteen is the optimal structure. Fig. 14 shows the
theoretical frequencies calculated by Eq. (13) with experimental
values. The calculating parameters include the inner cylinder
length 0.38 m, the spring stiffness k = 15100 N/m, the stem
mass m = 0.95 kg, the displacement of pump Q = 3 L/s, the
density of water ρl = 1000 kg/m3 and the propagation velocity
of pressure wave c = 1400 m/s. From Fig. 14 we can see that
the change of the theoretical frequencies is consistent with the
experimental values. Meanwhile, the theoretical frequencies are
slightly higher than the experimental values, which dues to the
ignorance of friction resistance of some components and viscous
resistance of fluid or the limitation of testing conditions. The error
between the theoretical and experimental results of frequencies
is ranging from 0.3% to 22.1%, which is within the allowable range
of its engineering application.
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Table 2
The result of rock breakage experiment and the dynamic pressure test.
Group number Diameter of upper

nozzle d1 (mm)
Spring length L
(mm)

Stem clearance
s (mm)

1 6 25 3
2 6 25 4
3 6 25 5
4 6 27 3
5 6 27 4
6 6 27 5
7 6 32 3
8 6 32 4
9 6 32 5
10 8 25 3
11 8 25 4
12 8 25 5
13 8 27 3
14 8 27 4
15 8 27 5
16 8 32 3
17 8 32 4
18 8 32 5
19 10 25 3
20 10 25 4
21 10 25 5
22 10 27 3
23 10 27 4
24 10 27 5
25 10 32 3
26 10 32 4
27 10 32 5

Fig. 13. The orthogonal test pressure and rock breakage results.

4. Conclusions

A novel valve spring blocking drilling tool for modulating
pulsed jet was proposed in this paper. The pressure pulsation
characteristics and rock breakage performances of the pulsed
jet were studied by theoretical calculation and experiments. The
main results of the present study are described as follows:

(1) The designed valve spring blocking tool can effectively
modulate pulsed jet through the reciprocating motion of the stem
under the pressure difference.

(2) The theoretical frequencies are slightly higher than the
experimental values, which dues to the ignorance of friction
resistance of some components and viscous resistance of fluid
and the error is ranging from 0.3% to 22.1%, which is within the
allowable range of its engineering applications.

(3) The diameter of the lower nozzle only affects the average
pressure but not the pressure fluctuation of the pulsed jet, while
the upper nozzle diameter, spring length and stem clearance will

Fig. 14. The frequency result of theory and experiment.

affect its pressure pulsation and rock breakage performance. The
optimal structure parameters for the prototype are as follows: the
upper nozzle diameter d1 = 10 mm, the spring length L = 32
mm, stem clearance s = 4 mm and the lower nozzle diameter d2
= 4 mm.
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