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Abstract Lost circulation is one of the most troublesome
and costly problems encountered in drilling. This problem
is magnified while drilling in deeper, depleted and complex
reservoirs. Based on the nation of preventive treatment, the
paper intends to present a novel hydraulic tool with a pur-
pose of lost circulation control while drilling. The hydraulic
energy of swirling jet is employed in this tool to push the
granules in drilling fluid into the fractures, and “an artificial
borehole wall” is formed to enhance the pressure-bearing
capacity of leakage formation.Moreover, a computingmodel
for flow rate allocation of the tool is developed. The result of
comparison experiment on plugging effectiveness manifests
that plugging effectiveness with the use of hydraulic tool is
much better than thatwithout the tool. Themaximal pressure-
bearing capacity of experimental core is increased to 8.3MPa
under the experimental circumstances, which demonstrates
that the hydraulic tool can provide an effective preventive
treatment for lost circulation. Furthermore, field tests of the
hydraulic tool are conducted in deep wells and depleted
reservoirs. The statistical results validate that the plugging
effectiveness can be improved greatly by employing the tool,
and the pressure-bearing capacity of formation in depleted
reservoir is increased to 11.6MPa.
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Abbreviations

LCM Lost circulation material
WSM Well-strengthening material
BHA Bottom hole assembly
ROP Rate of penetration
RFT Repeat formation test

List of symbols

Qs Flow rate of rig pump (L/s)
Qb Flow rate of drill bit (L/s)
Qc Flow rate of swirling jet nozzles (L/s)
I Flow rate ratio
pb Pressure drop of drill bit and hydraulic tool

(MPa)
ps Rig pump pressure (MPa)
KL Circulating pressure loss coefficient
L Well depth (m)
ξ Coefficient of local resistance
γ Unit weight of drilling fluid (N/m3)

ve Equivalent jet velocity of drill bit nozzles
and swirling jet nozzles (m/s)

g Acceleration of gravity (N/kg)
C Discharge coefficient of nozzle
de Equivalent diameter of drill bit nozzles and

swirling jet nozzles (cm)
A0 Total equivalent area of nozzles (cm2)

ρw Density of drilling fluid (g/cm3)

dej Equivalent diameter of bit nozzles (cm)
d f Equivalent diameter of hydraulic energy

distribution device (cm)
dc Equivalent diameter of swirling jet nozzles

(cm)
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vc Jet velocity of swirling jet nozzle (m/s)
pc Pressure drop of hydraulic tool (MPa)
v j Jet velocity of drill bit nozzles (m/s)
Fj Impact force of drill bit jet (kN)
Nbj Hydraulic horsepower of drill bit (kW)
Fc Impact force of swirling jet (kN)
Nc Hydraulic horsepower of hydraulic tool

(kW)
vpc The ROP (m/h)
n Rotation speed of drill string (rpm)
A Action area of each swirling jet nozzle

(m2)

R Radius of well bore (m)

1 Introduction

Lost circulation is one of the biggest challenges to drilling
operators, which is both troublesome and costly. Operators
have to deal with the additional problems caused by lost cir-
culation during the construction and completion stages of the
well, which directly affects the non-productive time and eco-
nomic performances [1–3]. In recent years, the occurrences
of lost circulation events have increased because drilling
operators have to intensify their search into deeper reser-
voirs and start to drill in the depleted or partially depleted
formations [4–6].

In the early times, the drilling process was often inter-
rupted when encountering lost circulation, because the avail-
able technology was limited. With the rapid development
of drilling technology, there were many remedial methods
developed to tackle the lost circulation without interrupting
the operations of drilling [7,8]. In order to control the lost
circulation, many methods including pills, squeezes, cement
plugs were employed, and lots of lost circulation materi-
als (LCMs) and well-strengthening materials (WSMs) were
added into the drilling fluid, such as rubber, cement, fiber,
polymer, gel, micro-powdered cellulose. However, the plug-
ging effectiveness was not always satisfactory, because the
essence of these methods is completely dependent on the
properties of the LCMs or WSMs [9,10]. For example, the
LCMs or WSMs must have good adaptability to the loss
formation. Also the type of material, concentration and size
distribution of theLCMsorWSMsare all important factors to
improve the plugging effectiveness. Moreover, the rheology
and loss characteristics will certainly be affected when the
drilling fluid is heavily laden with LCMs or WSMs, which
are critical in deep wells or depleted formations. Then, the
pressure-bearing capacity of the plugged zone was often not
sufficient, which may result in a circumstance that lost circu-
lation could happen again in the drilling operation after the
pretreatment due to the complex down-hole situations and
different sizes and shapes of leakage passages. In general, the

conventional lost circulationmanagement techniques seem to
have reached their limit in plugging effectiveness andbecome
ineffective in deep or depleted leakage formations.

Nowadays, a prevalent notion on lost circulation man-
agement is that the preventive treatment is more effective
than remedial treatment, especially for depleted and natural
fractured formations [11,12]. And many significant achieve-
ments have been obtained by preventive treatments [13,14].
Related literatures reveal that these successes are not only
because of the advanced techniques, but also because of the
progression of the theories of pretreatments, such as stress
cage theory [15,16], fracture closure stress theory [17] and
fracture propagation resistance theory [18]. Based on these
theories, common preventive treatments including constantly
strengthening the wellbore [19], improving the wellbore
pressure containment[20], propping the fracture[21], keep-
ing the fracture stable, building integrity around the region of
the wellbore, and widening the narrow mud weight window
[22] are developed instead of simply through “plugging the
facture and throat”.

As asserted in a number of previous studies, in order to
obtain the effectiveness of preventive treatments in deeper or
depleted reservoirs, it is of great significance to improve the
pressure-bearing capacity of wellbore. That is, the LCMs or
MSMs in drilling fluid acted as sealingmaterials should enter
into the fracture in a quick, efficient, and timely manner and
form a more durable plugging in the fracture. Based on this
idea, a special equipment for lost circulation control while
drilling is designed, which employs the hydraulic energy to
push the granules in drilling fluid into the fracture and “an
artificial borehole wall” is formed to improve the wellbore
pressure containment.

In this paper, the structure and working principle of the
hydraulic tool are illustrated and a new plugging and seal-
ing technology while drilling is developed. The hydraulic
energy of swirling jet rather than the chemical characteristics
of LCMs is mainly applied in this technology to control the
leakage, and thus it has no special requirements for drilling
fluid system and drilling operation. Favorable performances
of this new tool have been manifested in laboratory tests and
later oilfield applications.

2 Structure and Working Mechanism of the
Hydraulic Tool

2.1 Structure Design

The structural design of the tool comprises an upper and a
lower box joint, a main body, a hydraulic energy distribu-
tion device, relief-holes, seal assemblies, check rings, and
swirling jet nozzles, as shown in Fig. 1.
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Fig. 1 Structure design of the tool. 1 upper box joint, 2 check ring, 3
hydraulic energy distribution device, 4 lower box joint, 5 main body, 6
seal assembly, 7 swirling jet nozzle, 8 relief-hole

The tool is designed to run as a component of the bottom
hole assembly (BHA)while drilling in the deeper or depleted
formations where lost circulation may occur. For example, it
can be installed between the drill collar and drill bit. There-
into, the upper and lower box joints are used to provide the
threaded connection with the main body and drill string. The
hydraulic energy distribution device is the key component
of the tool, which is applied to allocate reasonable flow rate
of drilling fluid to swirling jet nozzles and drill bit nozzles.
The allocated drilling fluid will provide an impact effect in a
form of swirling jet when the fluid flows through swirling jet
nozzles. Two relief-holes on the hydraulic energy distribu-
tion device are installed in the form of one up and one down
and interlaced horizontally to balance pressure.

2.2 Working Mechanism

In the process of drilling, swirling jet generated by the
swirling jet nozzles is in a diffusive state and possesses
three-dimensional velocity, which ensures its capacity of dif-
fusion and entrainment. Meanwhile, the hydraulic power of
swirling jet offers an additional lateral pressure acting on the
borehole wall. So, the LCMs or WSMs in drilling fluid are
forced tomove and enter into the porous or naturally fractured
zone “willingly” rather than accumulate on the wellbore wall
under the entrainment and impact effect of swirling jet.

Fig. 2 Schematic of workingmechanism. 1 BHA, 2 formation, 3 bore-
hole wall, 4 natural fracture, 5 hydraulic tool, 6 drill bit, 7 annulus, 8
plugged zone, 9 leakage zone, 10 swirling jet nozzle, 11 bit nozzle

After the optimized granules (i.e., the median granule size
should be equal to one-third of the fracture width) enter into
the thief zone, LCMs bridging at the throat of fracture makes
granules fill the rest space and leakage passage gradually
disappears to form a plugged zone, which acts as a wedge to
hold the fracture open and result in an increase in the hoop
stress. Under the pressure difference between the swirling
jet and formation pressure, the plugged zone is compressed
further, which will enhance the strength of the sealing layer.
The immobile mass accumulated in the leakage passage will
become more stable and have a better crush strength, so the
objective of lost circulation controlwhile drilling is achieved.
The schematic of working mechanism is presented in Fig. 2.

According to the preceding analysis, the tool generates
two types of effect at the leakage zone: impact effect of
swirling jet and plugging effect of lost circulation materi-
als. The combination of these effects enables to induce a thin
“artificial wall” with high strength at the leakage formation
so as to enhance the pressure-bearing capacity of formation
and avoid the potential occurrence of lost circulation.

3 Optimization of Working Parameters

According to working mechanism of hydraulic tool, the allo-
cation of hydraulic power is the key to the safety of drilling
and the success of lost circulation control while drilling. As a
matter of fact, the essence of the hydraulic distribution is the
distribution of the flow rate of drilling fluid to the drill bit noz-
zles and the swirling jet nozzles of the tool. Supposing that
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Fig. 3 Diagram of flow rate allocation

there is inadequate drilling fluid allocated to swirling jet noz-
zles, “artificial wall” formed on the borehole is unable to plug
and seal, while if there is excessive drilling fluid, borehole
problems (bit balling or wellbore collapse because of exces-
sive erosion) may occur. Meanwhile, drilling parameters are
also crucial to the effectiveness of plugging in operation.

3.1 Allocation of Flow Rate

Drilling fluid pumped into borehole is distributed scientif-
ically into two parts during in drilling operation: one part
of the drilling fluid flows into bottom hole through nozzles
of bit, the other into annulus through swirling jet nozzles of
the tool, shown in Fig. 3. To ensure the effectiveness of plug-
ging and sealing while drilling, the distribution of flow rate is
supposed to meet the following principles: hydraulic energy
allocated to bit nozzles is to guarantee the cleanliness of bot-
tom hole and carry cuttings, while the other distributed to the
nozzles of hydraulic tool is to ensure the form of tough shield
on the leakage formation with little erosion to the borehole
wall.

According to the calculation principle of parallel pipeline
(the flow rate of upstream pipeline is equal to the sum of flow
rate of each branch pipeline) [23], the flow rate of rig pump
can be expressed as:

Qs = Qb + Qc (1)

where Qs is the flow rate of rig pump, which is obtained in
drilling design; therefore, it is a constant in certain operating
condition; Qb and Qc are the flow rate of drill bit nozzles
and swirling jet nozzles, respectively.

Let I denote the flow rate ratio of Qc to Qs, that is: I =
Qc/Qs, thus:

Qb = (1 − I )Qs or Qc = I Qs (2)

If the flow rate ratio I is set during operating design, Qb

and Qc can be calculated by Eq. (2). For calculation of circu-
lating pressure loss is rather complex in drilling design, the
calculation model of hydraulic parameters has been simpli-
fied within allowed calculation accuracy. The fundamental
assumptions of drilling fluid are introduced as follows: (1) it
is incompressible ideal fluid; (2) its rheological model is the
Bingham-plastic fluid model; (3) its flow regime is isother-
mal turbulent flow, and then the diameters of bit nozzles and
swirling jet nozzles and related hydraulic parameters can be
obtained by following equations.

(1) Pressure drop of drill bit and hydraulic tool
Based on the rule of thumb [24], after taking drill bit and
hydraulic tool as a whole, its pressure drop is as follows:

pb = ps − KLQ
1.8
s (3)

where pb is the pressure drop of drill bit and hydraulic tool,
ps is the rig pumppressure, and KL is the circulating pressure
loss coefficient, which is related to the well depth L .

(2) Equivalent diameter of drill bit nozzles and swirling jet
nozzles

In accordance with the Bernoulli equation, pb can be
changed into:

pb = (1 + ξ)
γ v2e

2g
(4)

where ξ is the coefficient of local resistance, γ is the unit
weight of drilling fluid, ve is the equivalent jet velocity of
drill bit nozzles and swirling jet nozzles, g is the acceleration
of gravity.

Let C = √
1/1 + ξ denote the discharge coefficient of

nozzle, which takes a value between 0 and 1 corresponding to
resistance coefficient of nozzle. Then, Eq. (4) can be changed
into:

pb = γ v2e

2gC2 (5)

Substituting γ = ρwg, ve = Qs/Ao, Ao = π
4 d

2
e into Eq.

(5) yields:

de = 4

√
4ρwQ2

s

5π2C2 pb
(6)

where de is the equivalent diameter of drill bit nozzles and
swirling jet nozzles, A0 is the total equivalent area of nozzles,
ρw is the density of drilling fluid.
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According to Qb
Qs

= d2ej
d2e
, thus:

dej =
√

Qbd2e
Qs

(7)

where dej is the equivalent diameter of bit nozzles.
Similarly, the equivalent diameter of hydraulic energy dis-

tribution device can be expressed:

df =
√

Qcd2e
Qs

(8)

where df is the equivalent diameter of hydraulic energy dis-
tribution device.

The equivalent diameter of swirling jet nozzles is related
to the flow velocity of swirling jet. In the design of hydraulic
parameters, the flow velocity of swirling jet is defined first;
then, the equivalent diameter of swirling jet nozzles is
expressed:

dc =
√
40Qc

πvc
(9)

where dc is the equivalent diameter of swirling jet nozzles,
vc is the jet velocity of swirling jet nozzle.

(3) Pressure drop of hydraulic tool
Similarly, in accordance with the Bernoulli equation, the
pressure drop of hydraulic tool can be expressed:

pc = 4ρwQ2
c

5π2C2

(
1

d4f
+ 1

d4c

)
− 4ρwQ2

c

5π2d4f
(10)

where pc is the pressure drop of hydraulic tool.

(4) Jet velocity of drill bit nozzles is expressed:

vj = 40Qb

πd2ej
(11)

where vj is jet velocity of drill bit nozzles.

(5) Impact force of drill bit jet
Based on themomentum theorem, the impact force of drill

bit jet is formulated as:

Fj = ρwQ2
b

25πd2ej
(12)

where Fj is the impact force of drill bit jet.

(6) Bit hydraulic horsepower is expressed:

Nbj = pbjQb (13)

where Nbj is the hydraulic horsepower of drill bit.

Fig. 4 Calculating process of flow rate distribution

(7) Impact force of swirling jet is expressed:

Fc = ρwQ2
c

25πd2c
(14)

where Fc is the impact force of swirling jet.

(8) Swirling jet nozzle hydraulic horsepower is expressed:

Nc = pcQc (15)

where Nc is the hydraulic horsepower of hydraulic tool.
If hydraulic parameters calculated by the first set value I

unable to meet actual drilling operation, the ratio of Qc to Qs

needs to be reset until calculated hydraulic parameters meet
the need of the drilling operation. The calculating process of
hydraulic-power allocation is shown in Fig. 4.
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Fig. 5 Ideal operating modes of the hydraulic tool. a Action area precisely covers the blank area. b Action area overlaps partially

Table 1 Mechanical properties
of rock samples

Sample Lithology Hardness (MPa) Compressive strength (MPa) Rock drillability

1 Siltstone 526 26.5 3.82

2 Packsand 483 21.3 3.68

3 Mudstone 571 29.5 4.95

4 Glutenite 893 54.2 6.70

5 Limestone 1274 127 8.65

3.2 Optimization of Drilling Parameters

According to the structure design of lateral symmetrical dou-
ble nozzles, the ideal operating mode of the hydraulic tool
in rotary drilling is as follows: action area of swirling jet
on borehole wall by one nozzle precisely covers the blank
action area omitted by other jet (shown in Fig. 5a), or there is
minor overlapped action area by two swirling jets as shown
in Fig. 5b, which ensure action area of swirling jet by both
nozzles can cover the borehole wall thoroughly.

Therefore, it is necessary to design the rate of penetration
(ROP) to guarantee that drilling footage is less than height
of action area on the borehole within the time that the tool
rotates in semi-cycle. That is:

n ≥ πRvpc

60A
(16)

where vpc is the ROP, n is the rotation speed of drill string, A
is the action area of each swirling jet nozzle while drill string
rotates a round, R is the radius of well bore.

When the ROP is constant, rotation speed of drill string
needs to achieve the following requirements: (1) satisfy Eq.
(16) to guarantee the integrity of “artificial borehole wall”,
(2) unable to be rather fast; otherwise, the time of swirling
jet acting on borehole wall is too short, which will sabotage
the plugging performance of hydraulic tool.

4 Laboratory Experiments

4.1 Erosion Experiment of Swirling Jet

The tool is installed near the drill bit, where thick mud cake
on the corresponding position of borehole wall has not been
formed. Therefore, swirling jet will impact the borehole wall
directly, so it is necessary to discuss whether there is an ero-
sion effect of swirling jet to the borehole wall or not.

Five rock samples from lost circulation formation in Tarim
oilfield are collected to conduct an experiment on rock
threshold pressure under swirling jet erosion. Mechanical
properties of these samples are presented in Table 1. Exper-
iment parameters: drop pressure of nozzle is 10MPa, acting
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Table 2 Threshold pressure of
rock samples

Sample 1 2 3 4 5

Threshold pressure (MPa) Confining pressure 0.5MPa 8.3 7.4 9.0 12.2 17.8

Confining pressure 1.0MPa 10.2 9.6 11.5 14.3 20.0

Confining pressure 1.5MPa 13.4 12.5 14.9 17.8 24.2

Fig. 6 Pressure distribution curves of swirling jet

time of swirling jet is 12 s, spray distance of the swirling jet
is 4 times of the diameter of nozzle; confining pressures are
0.5, 1 and 1.5MPa, respectively. Results of the experiment
are given in Table 2.

Results of the experiment indicate: (1) rock threshold pres-
sure under jet erosion grows with the increase in its hardness,
compressive strength, drillability and confining pressure; (2)
rock samples will be damaged when the sheer stress created
by swirling jet is greater than its internal bond strength.

At the same time, a numerical simulation on pressure
distribution of swirling jet is conducted based on the above-
mentioned experiment parameters. And the spray distance,
which is the distance from the outlet of swirling jet nozzle to
borehole wall, is set to 7, 9, and 11mm, respectively.

The simulation results (shown in Fig. 6) manifest that the
peek pressure of swirling jet is declined with spray distance
growing, and it is less than the obtained rock threshold pres-
sure. Evidently, the swirling jet acting on the borehole wall
is not enough to cause erosion damage to the borehole wall.

4.2 Experiment on Plugging and Sealing While Drilling

(1) Experimental apparatus and materials
Experimental apparatus based on working mechanism of

the hydraulic tool to simulate the process of plugging and
sealing is shown in Fig. 7.

In this apparatus, rotary vertical shaft, simulated as the
drilling string, is a hollow pipe, whose rotate speed and

descent velocity are able to adjust under the combined con-
trol of electric driver and manual control apparatus. And a
high-pressure nitrogen gas bottle is employed as a rig pump
to introduce drilling fluid laden with designed LCMs into the
mimic borehole. Also, a hydraulic choke is installed on the
returning pipe, which is used to control confining pressure.

The materials used in experiment are as shown below:
The drilling fluid employed in this experiment is polysul-

fonate system, which is widely used in deep wells. Drilling
fluid composition is as follows: 3% clay fluid+5%NaCO3 +
0.3% FA-367+0.2% XY-27+5% SPNH+3% SMP-1+2%
SMC+2% FT-1. The density of polysulfonate system is
1.2 g/cm3.

In order to exclude the effect of chemical property on loss
control, commonly used inert materials on the site including
rigid particle, nut shell and rubber granule are employed as
the LCMs. So, the drilling fluid system for lost circulation
while drilling is: polysulfonate drilling fluid +1.0%A rigid
particles +0.5%B, C, D, E, F rigid particles +0.5%B, C, D
nut shell +0.5%B, C, D, E rubber granule. Table 3 shows
the relationship between granule grade and particle size of
LCMs.

Cylindrical artificial cores (shown in Fig. 8) with verti-
cal and horizontal factures are utilized to simulate fractured
formation. The height, inner and outer diameter of the artifi-
cial core is 40, 7.3 and 10cm, respectively. The width of the
fracture is 2mm.

Owing to the fact that the diameter of artificial cores in
experiment is rather slim, to simulate the actual application
effect of the tool, a small-sized hydraulic tool, whose external
diameter is downsized, is employed in the laboratory experi-
ment to guarantee the result that the distance from the outlet
of swirling jet nozzle to the inner wall of artificial core in
experiments is equal to that of field operation. The diameter
of swirling jet nozzle is 2.5mm. Other experimental param-
eters such as rotate speed of rotary vertical shaft, property
of drilling fluid and hydraulic parameters are obtained by
computing model of hydraulic-power allocation in part 3.

(2) Experiment design
Experiments are conducted into two groups, the plug-

ging effectiveness with the tool and without it are simulated,
respectively. Experimental procedures with the tailor tool are
shown in Fig. 9.

Experimental procedureswithout the tailor-madehydraulic
tool are similar to the experiment with one. However, tailor-
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Fig. 7 Schematic diagram of experimental apparatus. 1 drilling fluid container, 2 electric driver, 3 manual control apparatus, 4 rotary vertical shaft,
5 artificial core, 6 mimic borehole, 7 returning pipe, 8 tailor-made hydraulic tool

Table 3 Relationship between
granule grade and particle size

Granule grade A B C D E F

Mesh number 10–20 20–40 40–60 60–80 80–100 100–120

Size (mm) 2.0–0.9 0.9–0.45 0.45–0.3 0.3–0.2 0.2–0.15 0.15–0.125

Fig. 8 Cylindrical artificial cores with facture

made hydraulic tool installment is eliminated in preparation
stage and pressuring stage is added before the end of the
experiment.

(3) Experiment results
Experiments are conducted under experimental conditions

shown in Table 4, and comparison experiment results are
shown in Fig. 10.

The results indicate that the performance of plugging is
undesirable without the application of the tool as granules
are not closely stacked and 2mm facture is not plugged

effectively. While with the employment of the tailor-made
hydraulic tool, the plugging effectiveness is favorable as
granules are tightly stacked in the fracture and fracture is
plugged tightly. Evidently, a favorable plugging performance
(shown in Fig. 11) is obtained by using this tool, which is
clearly illustrated under the zoom-stereo microscope (ZIESS
stemi SV-11).

4.3 Evaluation on Pressure-Bearing Capacity of
Plugged Zone

Hydrofracturing test is employed to evaluate the pressure-
bearing capacity of plugged zone. Pressure-bearing appara-
tus is presented in Fig. 12.

These two kinds of artificial cores gained in above
experiments are fractured, respectively, by employing the
pressure-bearing apparatus. Base mud is employed as frac-
ture fluid, and their collapse curves of plugged artificial cores
are shown in Fig. 13.

Collapse curves demonstrate that the pressure-bearing
capacity of artificial core with application of the tool reaches
to 8.3MPa while pressure-bearing capacity of without one is
4.9MPa in this experiment. Therefore, the evaluation exper-
iments manifest a favorable performance of this tool on
plugging and sealing while drilling.
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Fig. 9 Experimental procedures with the tailor tool

Table 4 Experimental conditions of plugging and sealing while drilling

Experimental group Confining pressure Rotate speed Descend rate Duration of hold pressure
MPa r/min m/min min

With the tool 5 80 0.1 /

Without the tool 5 80 0.1 15

Fig. 10 Comparison of experiment results. a Without the tool. bWith the tool

In laboratory experiment, the sizes of artificial core and
operating pressure are restricted by experimental circum-
stance. Compared with the laboratory experiment circum-
stance, the thickness of plugged zone formed in actual oilfield
working condition is greater than that of artificial cores, so
the capacity of plugged zone formed by the tool in oilfields
is higher than 8.3MPa.

5 Field Applications

Field tests of the hydraulic tool have been carried out in
various oilfields, such as Tarim oilfield, Zhongyuan oilfield,
Shengli oilfield. The formations where the test conducted
includes deep fractured formations, depleted formations. In
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Fig. 11 Experiment results under zoom-stereo microscope. a Without the tool. bWith the tool

Fig. 12 Experiment apparatus of pressure-bearing capacity

Fig. 13 Collapse curves of plugged artificial cores

order to verify the plugged performance of the tool, the oper-
ation conditions with the tool are almost the same compared
with those without the tool in the vicinity.

5.1 Application in Well D2-4 of Tarim Oilfield

Based on drilling data in adjacent wells, lost circulation
emerges frequently in Palaeogene system, which is mainly
caused by natural and induced fractures. Hence, the tool is
tested in Palaeogene system of the forth drilling section (its
diameter is 215.9mm) of D2-4, and the test depth ranges
from 5686 to 6071m.

The drill parameters of lost circulationmanagement are as
follows: flow rate 28L/s, pump pressure 22–24MPa, rotate
speed 70 rpm, drilling fluids polysulfonate system, drilling
fluid density 2.35–2.36g/cm3, and total concentration of
LCMs3–6%.The length of hydraulic tool is 460mm, its outer
diameter is 190mm, and inner diameter is 75mm. According
to the calculation mode of hydraulic parameters, allocated
flow rate of the hydraulic tool is reached to 16% of the total
flow rate of rig pump and the diameter of swirling jet nozzle
is 6.39mm. The results are presented in Table 5.

The test result indicates that the probability of lost circu-
lation is decreased sharply. Compared with D2-2 and D2-5,
the number of lost circulation in D2-4 is reduced by 87.5
and 84.6%, respectively, and the leakage volume of D2-4 is
reduced by 92.4 and 89.9%, respectively. What is more, the
situation of drilling interruption caused by lost circulation
does not happen in the leakage zone of D2-4.

5.2 Application in Well PC-51of Zhongyuan Oilfield

Well PC-51 is an exploitation well located at Pucheng struc-
ture with 2980m designed well depth. According to the data
of drilledwell, Shahejie formation is themain leakage zone in
this structure, and high permeability and depleted formation
pressure are the primary reasons for lost circulation in this
formation. Pressure coefficient of this reserve is around 0.4–
0.65. The tool is installed on BHA when well depth reaches
2378m. The operation parameters from 2397 to 2980m are
as follows:
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Table 5 Comparison leakage volume between D2-5 and adjacent wells

Well number Orientation Well section (m) Leakage volume (m3) Times of lost circulation Times of stop drilling

D2-2 NE320m 5757–6081 827 16 14

D2-5 SW260m 5771–5950 624 13 10

D2-4 Test well 5685–6071 63 2 0

BHA: 215.9 mmG55 PDC bit+190 mm tool +158.8 mm
single bend PDM+158.8mm drill collar+127 mm heavy
weight drilling pipe +127 mm drill pipe + Kelly.

Drilling parameters: drilling mode is compound, ROP is
7.48m/h, pump pressure is 15MPa ∼ 17MPa, flow rate of
rig pump is 30L/s, designed jet velocity of swirling jet nozzle
is 20m/s, and minimum annular velocity is 1.01m/s.

Property of drilling fluid: light polymer system, density
is 1.18–1.20g/cm3, viscosity 60–113s, solid concentration
9%.

Walnut shell (8%), saw dust (1%) and natural asphalt pow-
der (3%) are added to the drilling fluid as LCMs after the
depth of 2300m.

During the drill process, the pressure is built up to
11.6MPa and lost circulation does not exist in the follow-
up drilling and cementing operation. Repeat formation test
(RFT) has been conducted after drilling work, and the result
manifests that the minimum pressure coefficient of this sec-
tion is just 0.37, while well PC-48 which is 322m apart from
PC-51 has been abandoned because of the vicious lost circu-
lation at 2400m.

6 Conclusion

Anewhydraulic tool for lost circulation controlwhile drilling
is designed based on the notion of preventive treatment. The
tool enables to prevent lost circulation effectively by employ-
ing the hydraulic power of jet generated by its lateral swirling
jet nozzles.

On the basis of theoretical analysis on working mecha-
nism, a new plugging and sealing technology while drilling
is formed, its working parameters are optimized and a com-
puting model for flow rate allocation is developed.

The laboratory experiments are designed to evaluate and
validate the plugging effectiveness of the tool. Experiment
and simulation results show that the hydraulic pressure of
swirling jet has not caused erosion damage to the surrounding
rock, and the maximal value of pressure-bearing capacity of
experimental core is increased to 8.3MPa after employing
this tool.

Field applications in deep wells and depleted reservoirs
manifest that the plugging effectiveness is improved greatly
by applying the hydraulic tool, and the bearing capacity of
formation in depleted reservoir is up to 11.6MPa.

Acknowledgements The authors gratefully acknowledge the financial
support from the Leantech Energy & Technology Company (Chengdu)
and Basic Subject Fund of Southwest Petroleum University. Apprecia-
tion is also expressed to Susan Chan for her help in documenting field
applications.

References

1. Nayberg, T.M.: Laboratory study of lost circulation materials for
use in both oil-based and water-based drilling muds. SPE Drill.
Eng. 2(3), 229–236 (1987). doi:10.2118/14723-PA

2. Alsabagh, A.M.; Abdou, M.I.; Khalil, A.A.; Ahmed, H.E.; Aboul-
rous, A.A.: Investigation of some locally water-soluble natural
polymers as circulation loss control agents during oil fields drilling.
Egypt. J. Petrol. 23(1), 27–34 (2014). doi:10.1016/j.ejpe.2014.02.
005

3. Calçada, L.A.; Neto, O.A.D.; Magalhães, S.C.; Scheid, C.M.;
Filho, M.N.B.; Waldmann, A.T.A.: Evaluation of suspension flow
and particulate materials for control of fluid losses in drilling oper-
ation. J. Petrol. Sci. Eng. 131, 1–10 (2015). doi:10.1016/j.petrol.
2015.04.007

4. Rajnauth, J.: Is it time to focus on unconventional resources.
Adv. Petrol. Explor. Dev. 4(2), 37–45 (2012). doi:10.3968/j.aped.
1925543820120402.778

5. Oort, E.V.; Friedheim, J.E.; Pierce, T.; Lee, J.: Avoiding losses
in depleted and weak zones by constantly strengthening well-
bores. SPE Drill. Complet. 26(4), 519–530 (2011). doi:10.2118/
125093-MS

6. Xu, C.Y.; Kang, Y.L.; You, L.J.; Li, S.; Chen, F.: High-strength
high-stability pill system to prevent lost circulation. SPE Drill.
Complet. 29(3), 334–343 (2013). doi:10.2118/172496-PA

7. Romero, S.N.; Monroy, R.R.; Johnson, C.; Cardenas, F.; Abra-
ham, G.A.T.: Preventing lost circulation using lightweight slurries
with reticular systems: depleted reservoirs in southern Mexico.
Presented at SPE international petroleum conference in Mex-
ico, Puebla Pue, Mexico, 7–9 November (2004). doi:10.2118/
92187-MS

8. Caughron, D.E.; Renfrow, D.K.; Bruton, J.R.; Ivan, C.D.; Brous-
sard, P.N.; Bratton, T.R.; Standifird, W.B.: Unique crosslinking
pill in Tandem with fracture prediction model cures circulation
losses in deepwater gulf ofMexico. Presented at IADC/SPEdrilling
conference, Dallas, Texas, 26–28 February (2002). doi:10.2118/
74518-MS

9. Papadimitriou, N.I.; Romanos, G.E.; Charalambopoulou, G.C.;
Kainourgiakis, M.E.; Katsaros, F.K.; Stubos, A.K.: Experimental
investigation of asphaltene depositionmechanismduring oil flow in
core samples. J. Petrol. Sci. Eng. 57(3–4), 281–293 (2007). doi:10.
1016/j.petrol.2006.10.007

10. Verret, R.; Robinson, B.; Cowan, J.; Fader, P.; Looney, M.: Use
of micronized cellulose fibers to protect producing formations.
Presented at SPE international symposium on formation damage
control, Lafayette, Louisiana, 23–24February (2000). doi:10.2118/
58794-MS

123

http://dx.doi.org/10.2118/14723-PA
http://dx.doi.org/10.1016/j.ejpe.2014.02.005
http://dx.doi.org/10.1016/j.ejpe.2014.02.005
http://dx.doi.org/10.1016/j.petrol.2015.04.007
http://dx.doi.org/10.1016/j.petrol.2015.04.007
http://dx.doi.org/10.3968/j.aped.1925543820120402.778
http://dx.doi.org/10.3968/j.aped.1925543820120402.778
http://dx.doi.org/10.2118/125093-MS
http://dx.doi.org/10.2118/125093-MS
http://dx.doi.org/10.2118/172496-PA
http://dx.doi.org/10.2118/92187-MS
http://dx.doi.org/10.2118/92187-MS
http://dx.doi.org/10.2118/74518-MS
http://dx.doi.org/10.2118/74518-MS
http://dx.doi.org/10.1016/j.petrol.2006.10.007
http://dx.doi.org/10.1016/j.petrol.2006.10.007
http://dx.doi.org/10.2118/58794-MS
http://dx.doi.org/10.2118/58794-MS


2592 Arab J Sci Eng (2018) 43:2581–2592

11. Otutu, F.: Novel wellbore strengthening enables drilling of explo-
ration well in a highly depleted formation. Presented at SPE/IADC
middle east drilling technology conference and exhibition,Muscat,
Oman, 24–26 October (2011). doi:10.2118/148506-MS

12. Davidson, E.; Richardson, L.; Zoller, S.: Control of lost circu-
lation in fractured limestone reservoirs. Presented at IADC/SPE
Asia pacific drilling technology, Kuala Lumpur, Malaysia, 11–13
September (2000). doi:10.2118/62734-MS

13. Alberty, M.W.; Mclean, M.R.: A physical model for stress cages.
Presented at SPEannual technical conference and exhibition,Hous-
ton, Texas, 26–29 September (2004). doi:10.2118/90493-MS

14. Goud, M.C.; Josep, J.: Drilling fluid additives and engineering
to improve formation integrity. Presented at SPE/IADC Indian
drilling technology conference and exhibition, Mumbai, India, 16–
18 October (2013). doi:10.2118/104002-MS

15. Alberty, M.W.; McLean, M.R.: Fracture gradients in depleted
reservoirs—drilling wells in late reservoir life. Presented at
SPE/IADC drilling conference, Amsterdam, Netherlands, 27
February (2001). doi:10.2118/67740-MS

16. Aston, M.S.; Alberty, M.W.; Duncum, S.D.; Bruton, J.R.; Fried-
heim, J.E.; Sanders, M.W.: A new treatment for wellbore strength-
ening in shale. Presented at SPE annual technical conference and
exhibition, Anaheim, California, U.S.A, 11–14 November (2007).
doi:10.2118/110713-MS

17. Dupriest, F.E.; Smith, M.V.; Zeilinger, S.C.; Shoykhet, N.: Method
to eliminate lost returns and build integrity continuously with
high-filtration-rate fluid. Presented at IADC/SPE drilling confer-
ence, Orlando, Florida, USA, 4–6 March (2008). doi:10.2118/
112656-MS

18. Wang, H.; Soliman, M.Y.; Towler, B.F.: Investigation of factors for
strengthening a wellbore by propping fractures. SPE Drill. Com-
plet. 24(3), 441–451 (2009). doi:10.2118/112629-PA

19. Van Oort, E.; Razavi, O.S.: Wellbore strengthening and casing
smear: the commonunderlyingmechanism. Presented atADC/SPE
drilling conference and exhibition, Fort Worth, Texas, USA, 4–6
March (2014). doi:10.2118/168041-MS

20. Traugott, D.A.; Sweatman, R.E.; Vincent, R.A.: Increasing the
wellbore pressure containment in gulf of Mexico HP/HT wells.
SPE Drill. Complet. 22(1), 16–25 (2007). doi:10.2118/96420-PA

21. Kostov, N.; Gosavi, S.V.; Kulkarni, K.; Dasari, G.: Fracture mod-
eling for optimum wellbore integrity enhancement. Presented at
AbuDhabi international petroleum exhibition and conference, Abu
Dhabi, UAE, 7–10 November (2016). doi:10.2118/183325-MS

22. Ghalambor, A.; Salehi, S.; Shahri, M.P.; Karimi, M.: Integrated
workflow for lost circulation prediction. Presented at SPE inter-
national symposium and exhibition on formation damage control,
Lafayette, Louisiana, USA, 26–28 February (2014). doi:10.2118/
168123-MS

23. Yuan, E.X.: Engineering Fluid Mechanics. Petroleum Industry
Press, Beijing (1986)

24. Whittaker, A.: Theory and Application of Drilling Fluid
Hydraulics. IHRDC Press, Boston (1985)

123

http://dx.doi.org/10.2118/148506-MS
http://dx.doi.org/10.2118/62734-MS
http://dx.doi.org/10.2118/90493-MS
http://dx.doi.org/10.2118/104002-MS
http://dx.doi.org/10.2118/67740-MS
http://dx.doi.org/10.2118/110713-MS
http://dx.doi.org/10.2118/112656-MS
http://dx.doi.org/10.2118/112656-MS
http://dx.doi.org/10.2118/112629-PA
http://dx.doi.org/10.2118/168041-MS
http://dx.doi.org/10.2118/96420-PA
http://dx.doi.org/10.2118/183325-MS
http://dx.doi.org/10.2118/168123-MS
http://dx.doi.org/10.2118/168123-MS

	A Novel Hydraulic Tool for Lost Circulation Control While Drilling with Improved Plugging Effectiveness
	Abstract
	1 Introduction
	2 Structure and Working Mechanism of the Hydraulic Tool
	2.1 Structure Design
	2.2 Working Mechanism

	3 Optimization of Working Parameters
	3.1 Allocation of Flow Rate
	3.2 Optimization of Drilling Parameters

	4 Laboratory Experiments
	4.1 Erosion Experiment of Swirling Jet
	4.2 Experiment on Plugging and Sealing While Drilling
	4.3 Evaluation on Pressure-Bearing Capacity of Plugged Zone

	5 Field Applications
	5.1 Application in Well D2-4 of Tarim Oilfield
	5.2 Application in Well PC-51of Zhongyuan Oilfield

	6 Conclusion
	Acknowledgements
	References




