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During the completion of shale gas wells, bridge plug debris and debris particles are often left at the bottom of the well, which are
diﬃcult to clean up, pose a serious risk to wellbore operations, and reduce productivity. In order to solve the diﬃculty of cleaning
the debris at the bottom of the well, a kind of wellbore cleaning tool is proposed based on the principle of negative jet pressure and
liquid-solid two-phase ﬂow theory. The ﬁnite element analysis method and laboratory test were used to verify the function of
cleaning tools: the ﬁnite element method can eﬀectively reﬂect the principle and process of dredging bottom debris with cleaning
tools. In order to improve the applicability and ﬁshing ability of wellbore cleaning tools, factors inﬂuencing the performance of
cleaning tools were analyzed as follows: choosing high-density and low-viscosity working ﬂuid is beneﬁcial to improve the
negative pressure eﬀect of cleaning tools. Under the conditions of wellbore safety and economy, increasing pump pressure and
displacement and reducing annular pressure can eﬀectively increase the ﬁshing performance of cleaning tools.

1. Introduction
As a cleaner and more eﬃcient source of energy, shale gas
could eﬀectively reduce reliance on highly polluting fuels
such as coal and oil [1]. In North America, shale gas
extraction has been developed and commercialized [2].
Chinese government has also called for energy diversiﬁcation, especially from shale gas. Shale gas production is
expected to reach 3 × 1010 m3 and 1 × 1011 m3 in 2020 and
2030, respectively [3]. Shale substrates have low porosity
and permeability and high ﬂow resistance and often require horizontal wells and large-scale fracturing to
achieve large-scale production [4]. However, when the
bridge plug is used as a staging tool for pressure operation,
the subsequent drill-back is not complete, and debris of
the bridge plug will remain in the wellbore. The recovered
bridge plug fragment is shown in Figure 1. Fracturing
proppant backﬂow, sand, cuttings, and even shale debris
are common after wellbore fracturing. Debris will

accumulate in the horizontal section, while upwarped
wells will accumulate near the lowest point, resulting in
the failure of several wells to lower the completion tubing
at a later stage, which will aﬀect the production at a later
stage [5]. If these residues are not removed in a timely
manner, they will deposit continuously in the wellbore,
which may lead to high torque, high resistance, stuck
drilling, and other risks during the operation [6, 7]. In the
completion process, the wellbore and surface production
process may be blocked, which will greatly aﬀect the gas
well production [8]. A schematic diagram of formation
plugging is shown in Figure 2.
To solve the wellbore cleaning problem, the most
common method is sand washing operation, using the
drilling ﬂuid circulation to bring out the bottom debris
[5]. However, this method has low cleaning eﬃciency and
easily causes sticking when applied to horizontal wells
[9, 10]. Therefore, for the problem of poor rock carrying
eﬀect, Bashir [7], Ozbayoglu et al. [11], Duane et al. [12],
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Figure 3: Schematic diagram of cleaning tool salvage.

Figure 1: Bridge plug fragment.

Figure 2: Formation blockage.

Han et al. [13], and Tie et al. [14] used a special downhole
device to generate eddies to improve the ﬂuid’s ability to
transport particles. However, when the sediment particles
at the bottom of the well are large, they cannot be carried
out of the well head. In addition, when the shale gas well
enters the later stage of development, the reservoir
pressure coeﬃcient is low, or the wellbore itself is a
carbonate ﬁssure and cave-type formation, so not only the
shaft wall is prone to collapse, but also the bottom of the
well is prone to serious leakage, so the whole wellbore
circulation cannot be established. As a result, sand
washing technology is still diﬃcult to achieve the need for
bottom-hole cleaning of unconventional gas such as shale
gas.
In order to solve the problem of poor cleaning eﬀect of
bottom hole impurities in oil and gas wells, a new type of
bottom hole cleaning tool has been developed rapidly in
recent years. The bottom hole cleaning tool uses high
pressure water jet to generate local negative pressure in the
interior, which can not only suck the straw string to sink
sand but also capture small pieces of debris, so as to achieve
the eﬀect of cleaning the bottom hole impurities. The salvage
process is shown in Figure 3. In this process, only local
reverse circulation can be established near the tool to salvage
the debris in the well [15, 16].

The negative pressure eﬀect of high-pressure water jet is
widely used in other industries. The eﬀects of diﬀerent injection angles and diﬀerent jet momentum on the concentration of the two mixtures were studied in the literature,
such as Paterson [17], Eckerle et al. [18], and Sundararaj and
Selladurai [19]. Boersma et al. [20] predicted the turbulence
intensity, pressure, and mixing concentration in the jet.
Eames et al. [21] and Kanjanapon and Satha [22] applied the
negative pressure eﬀect to the cooling system. Raman and
Taghavi [23], Smith and Mungal [24], Sherif and Pletcher
[25], and Said et al. [26] divided the process of high-pressure
water jet into three stages, unmixed zone, mixed zone, and
mixed stable zone, to better describe the suction phenomenon of negative pressure eﬀect. David et al. [27] veriﬁed the
ejector with negative pressure eﬀect experimentally. However, the application of negative pressure eﬀect to bottom
hole cleaning tools is rarely studied, and the process of
cleaning tools to salvage bottom hole impurities is not yet
well understood.
In order to solve the problem of shaft cleaning in
horizontal wells, this paper ﬁrst proposes a wellbore cleaning
tool based on the principle of negative jet pressure and
liquid-solid two-phase ﬂow theory. Then, the numerical
model of scavenging tool for cuttings at the bottom of the
well was carried out by using limited analysis method, and
the mechanism of scavenging tool was tested in laboratory to
verify the feasibility of scavenging tool. Finally, in order to
ensure the maximum cleaning performance of the tool, the
inﬂuence factors and operating parameters of the cleaning
tool were analyzed and discussed using the ﬁnite element
method, so as to determine the best operating conditions
and operating parameters of the cleaning tool.

2. Cleaning Tool Verification
2.1. Cleaning Tool Salvage Veriﬁcation
2.1.1. Cleaning Tool Principle. According to Bernoulli’s
equation, the incompressible ﬂuid between the front and
back of the nozzle can be described as [28, 29]
P1 v21 P2 v22
v2
+ �
+ + ζ 1 · 2,
ρ 2
ρ 2
2

(1)

where P1 and P2 are the ﬂuid pressure before and after the
nozzle; v1 and v2 are the ﬂuid velocity before and after the
nozzle. ρ is the ﬂuid density. ξ1 is related to the friction
coeﬃcient, number, and shape of the nozzles and Reynolds
number.
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Therefore, the pressure diﬀerence before and after
touching the mouth is
ρ
ρv2
ΔP � P1 − P2 � V22 − V21  + ζ 1 · 2 ,
2
2

(2)

where ΔP is the pressure diﬀerence before and after touching
the mouth.
Since the nozzle is convergent, the area of the passing
ﬂow surface after the nozzle exits is much smaller than the
inlet of the nozzle; therefore, v1 ≪ v2 , ΔP > 0. The pressure
drop at the nozzle outlet is obvious, which makes the liquid
under the nozzle move upward under the action of pressure
gradient and establishes local reverse circulation in the
cleaning tool section.
The ﬂow of bottom hole debris with the ﬂuid belongs to
solid-liquid two-phase ﬂow, and the characteristic function
of the debris can be expressed as
f � f(r, u, T, a, t),

(3)

where r is the spatial position, u is the particle velocity, T is
the temperature, a is the particle radius, and t is the function
with time.
The number of particles falling in the region of velocity
u − u + du, temperature T − T + dT, and radius a − a + da is
dn � f(r, u, T, a, t)dr du dθ da.

(4)

The distribution function f is determined by the Boltzmann equation:
zf z
z
z Qf
z Mf
zf
+ (uf) + (bf) +
 +

 �  ,
zt zr
zr
zT mC
zT 3mk
zt c
(5)
where b is the external force per unit mass received by a
single particle, m is the mass of a single particle, Q is the heat
conductivity of single particle, C is the speciﬁc heat of
particles, M is the mass transmittance of a single particle
under the inﬂuence of various factors, and (zf/zt)c is the
collision integral term.
For the case of steady ﬂow of homogeneous low-concentration solid particles, the collision term (zf/zt)c in
equation (5) is small and negligible. Formula (5) can be
simpliﬁed as
zf
zf f
+ utp ·
+
· (bf) � 0.
(6)
zt
zr zutp
The equations of particle density conservation, momentum conservation, and kinetic energy conservation are
as follows:
δn � δ  fdutp ,

(7)

δ  mutp fdutp � 0,

(8)

1
δ  mu2p fdutp � 0.
2

(9)

Under the condition of particle density conservation,
momentum conservation, and kinetic energy conservation,
it is not diﬃcult to obtain the particle velocity distribution
function by the variational method. According to the similar
method of aerodynamic theory, a particle H function is
deﬁned as follows:
H �  f ln fdutp .

(10)

Because of equilibrium, we want H to have a minimum.
Thus, the variational equation can be obtained:
δH � δ  f ln fdutp .

(11)

Multiply the Lagrange operator λ′ (� λ + 1) by the scalar
product of equations (7) and (8) and (1/m)s, and multiply
equation (9) by another operator β to obtain
1
1
f � expλ + si · utpi − mβu2p  � A expλ − mβV2 .
2
2
(12)
We have
1
A � exp mβu2o1 + u2o2 + u2o3 ,
2

(13)

→
λ �  mβ b dr � mβ  bi dri ,

(14)

where s is the vector related to the instantaneous velocity utp
of particles, u2p is the square value of particle characteristic
velocity, and upi is the correlation characteristic velocity of
particles.
For a simple two-dimensional ﬂow, the unit mass force
acting on particles in x and y directions can be expressed as

3 CD ρf  t
uf − utp utf1 − utp1 ,
bx �
(15)
4 dρ ρp
by �

ρf
3 C1 ρf t
t 2
uf1 − up1  − 1 − g,
ρp
4 dρ ρp

(16)

where CD is the resistance coeﬃcient, C1 is the lift coeﬃcient,
ρp is the material density of particles, and utf1 , utp1 are the
ﬂuid and the component of the instantaneous velocity of a
particle in the x direction.
Through equations (12)–(16), the particle velocity distribution function can be obtained as follows:
ρf
3 ρf
2y
f � A expmβ C1 utf1 − utp1 
− 1 − gy + C1 + C2 
ρp
4 ρp
dp
1
2
− mβ utf1 − uoi  ,
2

(17)
where C1 and C2 are determined by initial conditions and
boundary conditions.
After the reverse circulation is formed in the cleaning
tool tube, the ﬂuid will interact with the debris particles. As
long as the pressure inside the cleaning tool tube is
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accelerated rapidly, the debris can gain upward velocity and
enter the cleaning tool tube to complete the ﬁshing
operation.
2.1.2. Numerical Analysis. A wellbore cleaning tool
structure based on jet negative pressure eﬀect is shown in
Figure 4, which mainly includes jet nipple, suction nipple,
ﬁlter nipple, shunt nipple, one-way valve nipple, debris
collection cylinder, bottom hole, and casing. The center of
the top end is the origin of coordinates, the total length of
the tool is 4200 mm, and the minimum inner diameter is
25 mm. In addition, Table 1 shows the dimensions and
material parameters of each part of the cleaning tool.
When the bottom hole debris is sucked into the cleaning
tool under the reverse circulation formed by the tool
section, the debris larger than the diameter of the screen is
blocked when it reaches the ﬁlter nipple. After stopping
the pump, it falls into the debris collection nipple under
the action of the one-way valve. Finally, the lifting tool is
salvaged.
In order to understand the ﬁshing process of wellbore
cleaning tools and the application of negative pressure eﬀect
in cleaning tools in detail, the ﬂow passage of wellbore
cleaning tools was extracted by using computational ﬂuid
dynamics (CFD) software, and ﬂuent ﬁnite element model
was established. The inlet is displacement and pressure
boundary conditions. The outlet is the pressure boundary
condition, and the pressure is the bottom hole pressure. In
order to simulate the process of collecting cuttings at the
bottom of the well, a certain volume of cuttings was present
at the bottom of the well.
Figure 5 shows the salvage process of wellbore cleaning
tools, which is divided into four stages: a, b, c, and d. In
Figure 5(a), for the preparation stage, the debris is all deposited at the bottom of the wellbore. When the working
ﬂuid passes through the jet nipple and forms a reverse
circulation in the tool section, the cuttings at the bottom of
the well will enter the tool under the drive of the working
ﬂuid, as shown in Figure 5(b). Because there is less prepositioned debris at the bottom of the well, it is all sucked
into the cleaning tool in a short time, as shown in
Figure 5(c). When the debris continued to rise to the position of the screen tube, the movement of the debris stopped
at the position of the screen tube because the diameter of the
screen tube was smaller than the diameter of the debris, as
shown in Figure 5(d). When the screen hole is completely
blocked, turn oﬀ the high-pressure pump. Debris in the tool
will fall from the screen into the debris collector by the action
of a check valve. Finally, lift the tool to the surface to
complete the salvage operation.
Therefore, the ﬁnite element method is used to verify
that the wellbore cleaning tool based on negative pressure
eﬀect can establish local reverse circulation at the bottom of
the well, drive the bottom debris into the cleaning tool, and
stay in the tool to complete the salvage under the action of
screen tube and one-way valve.
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2.2. Salvage Experiment. To verify the salvage capability of
the cleaning tool, the experiment bench shown in Figure 6(a)
was established. The experiment process is as follows:
(a) Place the wellbore cleaning tool on the simulated
wellbore experiment bed and connect it to the highpressure pump
(b) Add abrasives to the simulated wellbore until the
abrasives are marked
(c) Start the high-pressure pump, slowly boost the
pressure to the speciﬁed pressure, synchronously
start the camera for video collection until there is no
abrasive inside the wellbore, record the time after
abrasive removal, close the high-pressure pump, and
then close the camera and stop the video, as shown in
Figure 6(b)
(d) Set diﬀerent pump pressures, repeat steps b and c,
and ﬁnally get the results shown in Table 2
As can be seen from Figure 6(b), the whole test process is
divided into four stages as follows:
(a) Preparation and suction stage: the main phenomenon is the disturbance of the high-pressure water jet
to the bottom of the abrasive, so that the abrasive can
obtain the initial velocity
(b) Initial entrainment phase: because of the entrainment of the ﬂuid at the lower part of the tool near the
nozzle outlet, the abrasive material with the initial
velocity begins to move upwards with the ﬂuid
(c) Suction process stage: when the whole system establishes a stable reverse circulation, when the ﬂuid’s
force on the abrasive is greater than the abrasive’s
own weight, the abrasive will enter the tool along
with the ﬂuid to achieve the ﬁshing eﬀect
(d) End of roll: when all abrasives are involved in the
inside of the tool, the salvage is complete
Table 2 shows four groups of test data and results. The
results show that, with the increase of pump displacement,
the suction speed is faster and the salvage eﬃciency of
cleaning tools is higher.
Therefore, the test method veriﬁed the feasibility of the
negative pressure cleaning tool. By means of the negative
pressure generated by the high-pressure water jet and the
entrainment of the high-speed water jet, reverse circulation
is established in the negative pressure cleaning tool and the
following parts to salvage the bottom debris.

3. Cleaning Tool Adaptability Analysis
3.1. Working Fluid Property. Diﬀerent working ﬂuids may
produce diﬀerent negative pressures near the nozzle when
they pass through the jet stub, and the entrainment of the
ﬂuid near the nozzle by the high-pressure water jet may also
be unnecessary. For example, the viscosity of diﬀerent
working ﬂuids may be diﬀerent and so may be the
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Figure 4: Cleaning tool structure.

Table 1: Dimensions and material parameters of cleaning tool.
Name
Jet nipple
Suction nipple
Filter nipple
Shunt nipple
One-way valve nipple
Debris collection nipple

Length (mm)
113
153
528
518
570
3000

Outer diameter (mm)
80
79
46
76
46
104

Inner diameter (mm)
16
25
35
35
25
96

Material
42CrMo
42CrMo
45Steel
45Steel
45Steel
42CrMo

Elasticity modulus (GPa)
210
210
200
200
200
210

(a)

(b)

(c)

(d)

Figure 5: Salvage process of wellbore cleaning tools.
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Figure 6: Cleaning tool salvage test. (a) Experiment bench. (b) Experiment process.
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Table 2: Results of cleaning tools salvage under diﬀerent inlet pressures.

Test number The quality of abrasive (kg) Pump displacement (L/min) Inlet pressure (MPa) End pumping time (s)
1
2
3
4

1
1
1
1

91
114
128
140

disturbance to bottom hole debris and the migration of
debris. Therefore, ﬁrstly, the inﬂuence of working ﬂuid
properties on the performance of wellbore cleaning tools is
analyzed to ﬁnd the appropriate working ﬂuid.
As shown in Table 3, the density and viscosity parameters of diﬀerent cases are given.
Figure 7 shows the global model of case 1 cleaning tool
and the local static pressure results. In the global model
(Figure 7(a)), it can be found that the inlet press0075re is the
maximum, about 45.6 MPa. The inlet pressure of case 1 is set
to 50 MPa, indicating a pressure drop of 4.4 MPa after the
working ﬂuid enters the tool. In addition, when the working
ﬂuid ﬂows through the nozzle, the pressure signiﬁcantly
reduced. Since there are only three nozzles at the nozzle
location, the area ratio of nozzle inlet to outlet is 23.38, and
the ﬂow rate of incompressible ﬂuid at the inlet and outlet is
the same; the velocity at the nozzle outlet is signiﬁcantly
higher than that at the inlet. According to Bernoulli’s
principle, the sum of kinetic energy and pressure potential
energy is constant when the gravitational potential energy is
not considered. Therefore, when the nozzle outlet kinetic
energy is large, the pressure potential energy is bound to
decrease.
As shown in Figure 7(b), the static pressure cloud diagram
of nozzle position is given. The pressure is minimized at the
edge of the nozzle outlet, and a local pressure gradient is
formed at the nozzle outlet. This indicates that the high-speed
ﬂuid forms a low-pressure zone at the nozzle outlet, which
results in the adsorption eﬀect, that is, the negative pressure
eﬀect. Under the action of negative pressure eﬀect, the
pressure at the nozzle position is the least, and the pressure
from top to bottom inside the cleaning tool gradually increases, as shown in Figure 7(c); for screen position, the
pressure at the upper end is signiﬁcantly lower than that at the
lower end. As a result, a pressure gradient is formed in the
cleaning tool tube to power the bottom hole detritus. Similarly, for bottom hole debris to enter the cleaning tool, the
bottom of the tool should also have the adsorption of bottom
hole debris. As shown in Figure 7(d), there is also a signiﬁcant
pressure diﬀerence at the bottom of the well.
In order to analyze the inﬂuence of working ﬂuid
properties on the ﬁshing performance of cleaning tools, the
calculation results of all cases in Table 3 are shown in
Figure 8. Figures 8(a) and 8(b), respectively, show the
pressure value and pressure diﬀerence at diﬀerent positions
of the cleaning tool at diﬀerent working ﬂuid density and
viscosity. The position 0.26 m is the injection stub suction
chamber and is regarded as the starting point of monitoring.
The hole bottom is at 4.2 m. Obviously, the pressure value
inside the cleaning tool increases from top to bottom, which

5
8
10
12

34
30
25
21

The remaining of
sediment
Almost no
Almost no
Almost no
Almost no

Table 3: Parameters of diﬀerent working ﬂuids.
Case
Cases 1–5
Cases 6–9
Cases 10–13

Density (kg/m3)
1000
1200
1400

Viscosity (10−3 kg/m·s)
1, 20, 40, 60, 80
20, 40, 60, 80
20, 40, 60, 80

is consistent with the result in Figure 7. Figure 8(a) shows
that the higher the working ﬂuid density, the lower the
pressure value in the jet stub suction chamber. The reason is
that the higher the density, the greater the kinetic energy of
the high-pressure water jet, and the stronger the entrapment
of the surrounding ﬂuid under the Venturi eﬀect. But, at the
bottom of the well, the denser the ﬂuid, the higher the
pressure. This is because the working ﬂuid ﬂow at the bottom
of the well is small. According to Bernoulli’s principle, the
higher the density of the ﬂuid, the higher the pressure energy. Therefore, when the density is 1400 kg/m3, the suction
chamber pressure is the smallest and the bottom-hole
pressure is the largest, and the pressure diﬀerence within the
whole tool is the larger, as shown in Figure 8(b). Therefore,
the appropriate increase of working ﬂuid density is conducive to the improvement of cleaning tool performance.
The pressure gradient inside the cleaning tool determines the ability to lift up the debris at the bottom of the
well, and the ﬂuid ﬂow speed determines the eﬃciency of the
cleaning tool. Figures 9(a) and 9(b), respectively, show the
ﬂuid velocity of jet stub suction chamber and bottom hole
location in operation with diﬀerent working ﬂuid properties.
Obviously, the ﬂow velocity of the jet stub suction chamber
is obviously higher than that of the bottom hole. Because the
ﬂuid ejected from the jet nipple needs to be diverted from the
annulus to the bottom of the well, the bottom hole velocity is
low. With the increase of working ﬂuid viscosity, the drilling
ﬂuid velocity decreases gradually, because the greater the
viscosity of the ﬂuid, the worse the ﬂow performance of the
ﬂuid and the greater the energy loss in the ﬂow process.
However, the densest working ﬂuid has the highest velocity
and the highest ﬁshing eﬃciency in the jet stub suction
chamber and the bottom hole.
Therefore, when selecting the working ﬂuid, under the
condition that the formation pressure window is satisﬁed,
the working ﬂuid density should be appropriately increased
to improve the pressure gradient inside the wellbore inclination tool, and the working ﬂuid viscosity should be appropriately reduced to improve the ﬂuid ﬂow speed, thus
improving the ﬁshing ability and eﬃciency of the cleaning
tool. In cases 1–13, case 10 is the most suitable for cleaning
tool ﬁshing; that is, the working ﬂuid density is 1400 kg/m3
and the viscosity is 0.002 kg/m·s.
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Figure 7: Static pressure results of case 1. (a) Global model. (b) Location A. (c) Location B. (d) Location C.
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Figure 8: Inﬂuence of working ﬂuid properties on cleaning performance. (a) Pressure; (b) diﬀerential pressure.

3.2. Sieve Tube Structure. Screen plays a crucial role in
wellbore cleaning tools. If the screen hole is too small, it may
aﬀect the force of cleaning tools to pump bottom debris and
easily cause screen blockage to be too fast. If the screen hole
is too large, it cannot ﬁlter small particles, impacting the
ﬁshing eﬀect. Therefore, it is necessary to analyze the
structure of the screen tube and provide a basis for the
selection of grinding shoes. In addition, with the advance of
cleaning tools to salvage debris at the bottom of the well, the

screen mouth is gradually blocked by debris, and the ability
to absorb debris may gradually decrease. Therefore, it is
necessary to analyze the screen blockage of the wellbore
cleaning tool in the process of dredging debris, so as to
provide a basis for the evaluation of the ﬁshing ability of the
cleaning tool and screen design.
Firstly, the size and distribution of screen diameter are
analyzed. In order to ensure that the total area of screen tube
ﬂowing surface is the same, the case shown in Table 4 is
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0.08
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Figure 9: Inﬂuence of working ﬂuid properties on ﬂuid velocity. (a) Jet stub suction chamber; (b) bottom hole.

Table 4: Comparison of diﬀerent screen diameters.
Case
14
15
16
17

Aperture (mm)
3
4
5
6

Number of axial distributions
50
37
30
25

given. In all cases, the total ﬂow surface area is 15795 mm2,
and the axial distribution numbers of apertures and holes are
diﬀerent, so as to analyze the inﬂuence of diﬀerent structure
of screen hole on cleaning tool performance.
Figure 10 shows the calculation results of cases 14–17,
where Figure 10(a) shows the pressure diﬀerence between
the jet stub suction cavity and diﬀerent positions in diﬀerent
cases. The variation trend of pressure diﬀerence with tool
location was basically the same in the four cases, and the
pressure gradient with gradually decreasing pressure could
be formed in the cleaning tool tube, indicating that reverse
circulation could be formed at the bottom of the well in all
cases to pump the bottom of the well debris. However, the
negative pressure formed in case 16 is the largest, and the
salvage ability for bottom hole debris is stronger. In order to
better understand the inﬂuence of screen diameter on the
size of negative pressure, Figure 10(a) also shows the variation law of pressure diﬀerence between the suction
chamber and the bottom hole with the diameter. Obviously,
when the diameter of the pipe is 5 mm, the negative pressure
value is the largest; that is, case 16 is the most conducive to
improving the ﬁshing performance of cleaning tools.
Figure 10(b) shows the rate at which debris enters the
cleaning tool in the case of screen with diﬀerent diameters.
The velocity increases ﬁrst and then decreases with the size of
the aperture, and the position of 5 mm aperture is the
maximum point. Therefore, the combination of negative

Total area of screen hole (mm2)
15795

pressure and ﬂow rate can obtain the maximum ﬁshing
capacity and maximum working eﬃciency of case 16, which
is the optimal scheme for screen design. If the wellbore
cleaning tool uses a 5 mm screen, the grinding shoes at the
end of the string should also be selected.
In order to analyze the inﬂuence of screen blockage on
cleaning tool performance, based on case 16, gradually reduce screen through-hole. When the cleaning tool is sucking
debris, the upper ﬂow rate of the screen tube is greater than
the lower ﬂow rate. The upper screen hole is usually blocked
ﬁrst in the operation process. Therefore, when reducing the
screen tube hole, it is necessary to ﬁrst close the screen tube
top hole. Table 5 gives examples of diﬀerent number of
screen holes.
Figure 11 shows the velocity vector results of the ﬂuid in
cases 18–23 at the screen position. When the screen hole is
less, the ﬂow rate of through-hole position is faster. When
the number of axial through-holes is large, the ﬂuid velocity
is higher at the upper through-hole than at the lower
through-hole because the ﬂuid enters the screen tube and
turns inward. A very important conclusion is that, in all
cases, the ﬂow velocity at the top of the screen is basically the
same, and the number of axial distribution holes in the
screen has little eﬀect on the ﬁshing performance of the
cleaning tool. As long as the total screen area is greater than
526.5 mm2 during the operation, the wellbore cleaning tools
can be salvaging normally.
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Figure 10: Inﬂuence of diﬀerent screen diameters on cleaning performance. (a) Diﬀerential pressure; (b) speed.

Table 5: Cases of diﬀerent through-hole numbers of screen tube.
Case
18
19
20
21
22
23

Aperture (mm)

5

Vector
Velocity magnitude
5.00e + 01
4.75e + 01
4.50e + 01
4.25e + 01
4.00e + 01
3.75e + 01
3.50e + 01
3.25e + 01
3.00e + 01
2.75e + 01
2.50e + 01
2.25e + 01
2.00e + 01
1.75e + 01
1.50e + 01
1.25e + 01
1.00e + 01
7.50e + 00
5.00e + 00
2.50e + 00
0.00e + 00
(m/s)

Number of axial distributions
1
3
5
10
20
30

Total area of screen hole (mm2)
526.5
1579.5
2632.5
5265
10530
15795

Case 18

Case 19

Case 20

Case 21

Case 22

Case 23

Figure 11: Inﬂuence of diﬀerent mesh number on cleaning eﬃciency.
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Table 6: Diﬀerent inlet and annulus pressure cases.

4. Operating Parameter Optimization
In addition to good structural design, wellbore cleaning tools
also need to study reasonable operating parameters. It is very
important to seek reasonable working parameters for ﬁeld
operation, which directly aﬀects the ﬁshing ability of
cleaning tools. Therefore, it is necessary to study the main
operating parameters to determine the optimal operating
parameters of cylinder cleaning tool.
4.1. Inlet and Annulus Pressure. The wellbore cleaning tool is
mainly aﬀected by two pressure factors during operation,
namely, the inlet pressure of the tool and the annular
pressure. The inlet pressure is provided by the ground pump,
while the annular pressure is controlled by the ground
throttle manifold, so both pressure values can be adjusted
within a certain range. Therefore, Table 6 gives 25 diﬀerent
cases to analyze the inﬂuence of inlet pressure and annulus
pressure on cleaning tools to salvage bottom debris, providing guidance for surface pressure pump and throttle
manifold control.
Figure 12 shows the inﬂuence law of diﬀerent inlet
pressure and annular pressure on pressure at diﬀerent positions inside the tool. Figure 12(a) shows the changes of
inlet pressure to the pressure at diﬀerent locations of the
cleaning tool when the annular pressure is diﬀerent. With
the increase of inlet pressure, the pressure in the inlet cavity
of the jet stub decreases linearly but increases linearly at the
bottom of the well. This is because the greater the inlet
pressure, the greater the initial pressure energy provided by
the cleaning tool and the greater the pressure drop formed
when the high-pressure ﬂuid passes through the nozzle.
Because the high-pressure ﬂuid is injected into the annulus
through the jet nozzle, the ﬂow impinges on the casing wall
thickness, the ﬂow velocity decreases, and the kinetic energy
is converted into the potential energy of pressure, so the
pressure at the bottom of the well increases linearly.
It can also be found in Figure 12(a) that the internal
pressure of the cleaning tool increases as a whole when the
annular pressure increases from 10 MPa to 18 MPa.
According to Figure 12(b), the internal pressure of the
cleaning tool increases linearly. Because the annular pressure
is the pressure outlet of the wellbore cleaning tool system,
the greater the pressure, the greater the obstruction to the
ﬂuid ﬂow of the cleaning tool system.
As an important parameter in the evaluation of cleaning
tools, the diﬀerence between injection nipple and bottom
hole pressure directly aﬀects the ability of cleaning tools to
pump bottom hole debris. Therefore, Figures 13(a) and
13(b), respectively, show the inﬂuence of inlet pressure and
annular pressure on the overall pressure diﬀerence of
cleaning tools, and the slope is approximately −0.11 and 0.11,
respectively. It indicates that the absolute value of the inﬂuences of inlet pressure and annular pressure on the overall
diﬀerential pressure of cleaning tools are basically the same,
but increasing inlet pressure is beneﬁcial to improve the
ﬁshing performance of cleaning tools, while increasing
outlet pressure reduces outlet pressure performance.

Case
Cases
Cases
Cases
Cases
Cases

24–28
29–33
34–38
39–43
44–48

Inlet pressure (MPa)
20
30
40
50
60

Annulus pressure (MPa)
10 12 14 16 18
10 12 14 16 18
10 12 14 16 18
10 12 14 16 18
10 12 14 16 18

Therefore, in order to improve the ﬁshing performance
of wellbore cleaning tools, the annular pressure should be
reduced through the throttle valve, so as to reduce the
outlet pressure of cleaning tool system. In addition, the
pump pressure can also be increased to increase the
cleaning tool inlet pressure to improve the cleaning tool
diﬀerential pressure. However, when the bottom hole
pressure is increased, the safe density window of the
wellbore should be considered to avoid or reduce the
wellbore leakage accidents.
4.2. Displacement. Displacement, as another important
parameter of pump, has a direct impact on cleaning tool
performance. Therefore, according to the displacement of
the pump used in the drilling ﬁeld between 300 and 1000 L/
min, in order to expand the research scope, the case shown
in Table 7 was formulated.
Figure 14 shows the inﬂuence law of displacement on the
internal pressure of cleaning tool and the pressure diﬀerence
of diﬀerent positions relative to jet stub suction chamber.
Obviously, with the increase of displacement, the suction
chamber pressure of jet stub gradually decreases, while the
bottom hole pressure gradually increases, which is consistent
with the increase of pump pressure. This is because when the
displacement increases and the jet passage is constant, the
ﬂow rate will increase, which makes the negative pressure
eﬀect more signiﬁcant and the pressure drop of the jet stub
suction chamber more obvious. However, the bottom hole
ﬂuid is aﬀected by the internal structure of the cleaning tool,
and the increase of the ﬂow rate cannot be proportional to
the increase of the nozzle of the jet short joint. According to
Bernoulli equation, the pressure P is in the ﬁrst power relation, while the velocity is in the second power relation.
When the velocity is disturbed, the bottom hole ﬂuid
pressure will increase, as shown in Figure 14(a). Figure 14(b)
shows that increasing displacement can signiﬁcantly increase the pressure diﬀerence inside the cleaning tool, and
the pressure gradient increases nonlinearly with
displacement.
In addition to improving the suction of the cleaning tool
to the bottom of the well debris, increasing the displacement
can also improve the cleaning eﬃciency. The eﬀect of displacement on the ﬂuid ﬂow rate inside the cleaning tool is
shown in Figure 15. Obviously, the increased displacement
increases the velocity of the jet stub suction chamber. At the
same time, after increasing the displacement, the ﬂuid velocity ejected by jetting nipple increases, which increases the
velocity at the bottom of the well, and the disturbance to the
bottom of the well increases, which makes the initial velocity
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Figure 12: Inﬂuence of inlet pressure and annular pressure on tool internal pressure.
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Figure 13: Inﬂuence of pressure on internal pressure gradient of cleaning tool. (a) Inlet pressure; (b) annular pressure.

Table 7: Diﬀerent displacement cases.
Case
Case 49
Case 50
Case 51

Displacement
200
400
600

Case
Case 52
Case 53
Case 54

Displacement
800
1000
1500
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Figure 14: Eﬀect of displacement on cleaning tool pressure.
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Figure 15: Inﬂuence of displacement on cleaning eﬃciency.

of the bottom of the well increase, which is more conducive
to the mixing of the debris and working ﬂuid into the
cleaning tool tube. However, it should be noted that increasing the displacement will also increase the bottom hole
pressure, so it is necessary to pay attention not to exceed the
formation permeability pressure during the operation.

5. Conclusion
In order to solve the problem of detritus cleaning at the
bottom of the well, this paper proposes a kind of wellbore
cleaning tool to establish local reverse circulation at the
bottom of the well based on the principle of negative jet
pressure and liquid-solid two-phase ﬂow theory. Through
the analysis of the principle and inﬂuencing factors of
cleaning tools, the following conclusions are obtained:

(1) A laboratory test was carried out on the jet stub to
verify the feasibility of the negative pressure
cleaning tool. At the same time, the ﬁnite element
method was used to conduct the whole pipe
modeling of the wellbore cleaning tool, and it was
veriﬁed again that the wellbore cleaning tool based
on the negative pressure eﬀect could establish local
reverse circulation at the bottom of the well, driving
the bottom debris into the cleaning tool to complete
the salvage.
(2) The inﬂuence of working ﬂuid properties on cleaning
tools was analyzed, and it was found that the increase
of working ﬂuid density was beneﬁcial to improving
the lifting ability of bottom hole debris, while the
viscosity of working ﬂuid would reduce the ﬁshing
eﬃciency of cleaning tools. High-density, low-viscosity working ﬂuid can be selected on the premise of
satisfying wellbore requirements. The cleaning tool
has the maximum performance when the mesh
aperture is 5 mm, and the net overﬂow area is not less
than 526.5 mm2, which will not aﬀect the ﬁshing
performance of the cleaning tool.
(3) By analyzing the operating parameters of the
cleaning tool, it is concluded that the wellbore
annular pressure is the outlet boundary condition of
the wellbore cleaning tool system. The increase of
pump pressure and displacement is beneﬁcial to
improve the ﬁshing performance and eﬃciency of
cleaning tools. The pump pressure and displacement should be increased as far as possible on the
premise of meeting the safety density window and
the site.
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