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Abstract

Efficient cuttings transport and improving rate of penetration (ROP) are two major challenges in horizontal drilling and
extended reach drilling. A type of jet mill bit JMB) may provide an opportunity to catch the two birds with one stone:
not only enhancing cuttings transport efficiency but also improving ROP by depressuring at the bottom hole. In this paper,
the JMB is further improved and a new type of depressure-dominated JMB is presented; meanwhile, the depressurization
capacity of the depressure-dominated JMB is investigated by numerical simulation and experiment. The numerical study
shows that low flow-rate ratio helps to enhance the depressurization capacity of the depressure-dominated JMB; for both
depressurization and bottom hole cleaning concern, the flow-rate ratio is suggested to be set at approximately 1:1. With all
other parameter values being constant, lower dimensionless nozzle-to-throat-area ratio may result in higher depressuriza-
tion capacity and better bottom hole cleaning, and the optimal dimensionless nozzle-to-throat-area ratio is at approximately
0.15. Experiments also indicate that reducing the dimensionless flow-rate ratio may help to increase the depressurization
capacity of the depressure-dominated JMB. This work provides drilling engineers with a promising tool to improve ROP.

Keywords Horizontal drilling - Jet mill bit - Bottom hole depressurization - Bottom hole flow field - Rate of penetration

1 Introduction

Horizontal drilling and extended reach drilling have been
considered as an ideal technique for developing uncon-
ventional oil & gas reservoirs (Gao et al. 2009; Chen et al.
2016c; Chen and Gao 2018). However, as the low cuttings
carrying capacity of horizontal drilling and extended reach
drilling, cuttings bed easily forms, which may result in com-
plications such as pipe sticking and wellbore plugging (Chen
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et al. 2014; Yeu et al. 2019; Pang et al. 2019). Moreover,
the mechanical energy provided by the surface to drive the
bit has a great transmission loss in horizontal drilling due
to cuttings bed and high friction, the cuttings hold-down
effect also may increase because the drilling fluid frictional
pressure and bottom hole pressure increase with the well-
bore extending, and these result in a low rate of penetration
(ROP). Therefore, it is a great challenge for the horizontal
drilling and extended reach drilling to achieve an efficient
cuttings transport and a high ROP. Over the past several dec-
ades, numerous studies have been conducted toward address-
ing cuttings transport problems, experimental observations
and field experience indicated that cuttings size is one of the
most critical factors on cuttings transport, and it is gener-
ally recognized that smaller cuttings are easier to keep in
suspension for transporting (Ford et al. 1990; Walker and
Li 2000; Ahmed 2001). Duan et al. (2008) observed that
with polymeric drilling fluids and combined with drillpipe
rotation, smaller cuttings are easier to transport in horizon-
tal wellbore, and the transport efficiency of small cuttings
(0.45 mm) is nearly twice as high as that of large cuttings
(1.4 mm and 3.3 mm). Kamyab and Rasouli (2016) observed
that small cuttings (smaller than 0.42 mm) have much
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higher transport efficiency in the drilling fluids with high
viscosity in horizontal wellbore than that of large cuttings
(2.36 mm and 4.7 mm). Hakim et al. (2018) reported that
the highest cuttings transport efficiency for 5% concentra-
tion of water-based mud polypropylene in horizontal well-
bore was recorded at approximately 96% for cutting sizes of
0.50-0.99 mm in six different sizes of drilled cuttings rang-
ing from 0.5 to 4.0 mm. Epelle et al. (2018) reported that
small cuttings transport efficiency can be improved remark-
ably by improving in the rheological properties of the drill-
ing fluid, while large cuttings still pose a challenge to the
wellbore cleaning process despite the rheological enhance-
ment. More recently, Heshamudin et al. (2019) observed
that smaller cuttings are easier to transport at all pipe rota-
tions and polypropylene bead concentrations in horizontal
wellbore. Previous studies indicated that small cuttings have
much higher transport efficiency than large cuttings. This
triggered an idea of comminuting the cuttings right after
they are generated, thereby cuttings accumulation in hori-
zontal drilling may be eliminated (Chen et al. 2016b). Chen
et al. (2016a, b, and c) developed a type of jet mill bit JMB);
this tool proffers a promising solution to the cuttings accu-
mulation problem in horizontal drilling by comminuting cut-
tings into dustlike scale right after the cuttings are generated
in the bottom hole. As it is, the JMB provides a promising
solution to catch two birds with one stone: not only enhanc-
ing cuttings transport efficiency but also improving ROP by
depressuring at the bottom hole. Through depressuring at the
bottom hole, the JMB can lower the stress on rock surface,
minimize cuttings hold-down effect, and improve cuttings
cleaning capacity, thus increasing the ROP (Li et al. 2010;
Shi et al. 2018). In 2019, IMB was improved by adding junk
slots around to allow cuttings to flow through the annulus
instead of accumulating at the top of the JMB while trip-
ping out and therefore avoid sticking (Cao et al. 2019). This
improvement reduces the risk of sticking while tripping out
and increases the feasibility of field application of JMB in
horizontal drilling. However, junk slots around the JMB can
allow cuttings and drilling fluid flowing through the annulus,
it may weaken the depressurization capacity and drilling
performance of the JIMB.

As Chen et al. (2016a) reported, the JMB is developed
based on the jet comminution technique, in which particles
can be broken into smaller ones instantly by high-speed
impacts of these particles against a target. When comminu-
tion chamber and target are removed from the jet mill of
the JMB, it is a jet pump. Namely, the function of depres-
surization of the JMB is based on the jet pump theory. The
jet pump was introduced in the oil-and-gas industry in 1970
and widely used for underbalanced drilling (Zhu et al. 2013;
Yang et al. 2012). There were many kinds of tools for under-
balanced jet-pump drilling, such as an annular jet-pump
depressure joint (Hooper 1986), a jet-pump bit (Lott 1998),
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an annular jet pump fixed inside casing (Suryanarayana et al.
2004; Hughes 2005), an annular jet pump with drill string
rotation (Hosie et al. 2005), and so on. However, all these
tools’ depressurization capacity is limited as the jet pump is
far from the bottom hole and there is always a big clearance
in annulus. In this paper, a new type of depressure-domi-
nated JMB is presented; meanwhile, the depressurization
capacity of the depressure-dominated JMB is investigated
by numerical simulation and experiment.

2 Principle of the depressure-dominated jet
mill bit

Figure 1 shows a sketch of the depressure-dominated JMB.
Drilling fluid is injected into the depressure-dominated
JMB and then divided into two streams. One stream flows
through the bottom hole cuttings agitation and cleaning noz-
zles toward the bottom hole. Asymmetric jet stirs the bottom
hole cuttings into a highly turbulent flow. The highly turbu-
lent cuttings flow through the cuttings—suction channel into
the mixing chamber under the lift of bottom hole flow and
the suction of backward jet nozzles (Chen et al. 2016a). The
depressure-dominated JMB has small junk slots or flowby
that conventional bits have around the bit to allow cuttings
and drilling fluid to flow through the annulus between the
bit and wellbore (Fig. 2). Please note that the junk slots or
flowby of the depressure-dominated JMB is much smaller
than that of the conventional bits and so is the clearance in
the annulus. As Cao et al. (2019) reported, the cuttings will
flow out inside the bit through the cuttings—suction channel
instead of the small junk slots and annulus. The other stream
flows through the backward jet nozzles, mixing chamber,
throat, dissociating and comminution tube, and diffuser
toward the annulus between open hole and drill pipe. This
stream flows through the backward jet nozzles, generates a

Dissociating
and Backward Cuttings
comminution Mixing jet suction
Diffuser tube Throat chamber nozzle channel

Cuttings agitation and cleaning nozzle

Fig. 1 Sketch of the depressure-dominated JMB
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Cuttings suction channel

Cuttings agitation and cleaning nozzle

Fig.2 Crown of the depressure-dominated JMB

high-velocity jet, and lowers the pressure at the bottom hole.
It can suck and entrap the bottom hole drilling fluid together
with cuttings into the dissociating and comminution tube.
Then, cuttings are accelerated and broken by dissociating,
shearing, fluid wedging, and collision with each other in
the dissociating and comminution tube (Miiller et al. 1995;
Fisher 2006). Finally, the small cuttings flow into the annu-
lus through the diffuser.

3 Numerical analysis of the depressurization
capacity

3.1 Governing equations

Compared with the conventional IMB, the depressure-domi-
nated JMB enhances the function of depressurization, while
weakens the function of jet comminution. In order optimally
design the depressure-dominated JMB, the depressurization
capacity and its controlling effect factors are quantitatively
analyzed by numerical simulation. Several basic assump-
tions are adopted:

(1) The fluid is defined as constant incompressible fluid;
(2) Fluid density and temperature changes are ignored;
(3) The effect of cuttings on the flow field is ignored;
(4) Bitrotation is not considered.

Mass conservation equation and the Reynolds-averaged
Navier—Stokes (RANS) are used as the control equations
(Wang 2004). The standard k-¢ turbulence model is adopted
to close the RANS equation (Zhang et al. 2011).

The mass conservation equation:

ap

L +V - (pU) =0 (1

In the above equation, p is the fluid density, ¢ is the time,
and U is the fluid velocity.
Momentum equation:
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In the above equation, u is the velocity tensor, f is the
force tensor of mass, x is the Cartesian coordinates, i and j
are the directions of coordinates, y.4 is the effective viscos-
ity, p is the fluid viscosity, 4, is the turbulence viscosity, C,
is a constant, k is the turbulent kinetic energy, and ¢ is the
turbulence dissipation rate.

Turbulent transport equations (Standard k-e model):
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In the above equations, o, and o, are the turbulent Prandtl
numbers of the k and € equations, respectively, G, represents
the turbulent kinetic energy produced by the laminar velocity
gradient, G, is the turbulent kinetic energy generated by the
buoyancy, Yy is the result of fluctuations caused by exces-
sive diffusion due to compressible turbulence, S, and S, are
user-defined parameters, C;,, C,,, and C;, are constants. In
the above equations, the empirical constants are given by
the following values: CM:0.09, 0,=1.0, 0,=1.3, C,.=1.44,
C,,=1.92.
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3.2 Simulation methods and model building

In this work, an @215.9-mm (8.5 in.) depressure-dominated
JMB with 5 blades, 5 backward jet nozzles, and 5 cuttings
agitation and cleaning nozzles is used for numerical simula-
tion. The slot size is expressed in Fig. 3, R, is the inner radius
of the junk slots, R, is the outer radius of the junk slots, and
L is the inner boundary arc length of the junk slots.

As Chen et al. (2016a) reported, the JMB has several
basic nondimensional parameters, such as M, the dimension-
less flow-rate ratio; R, the dimensionless nozzle-to-throat-
area ratio; p, the dimensionless density ratio. According to
the jet pump theory, the depressurization capacity may be
greatly affected by M, R, p, and the jet velocity of the noz-
zles. In this work, the effect of cuttings on the flow field is
ignored and so is p. Therefore, the effects of M, R, and the jet
velocity of the nozzles on the depressurization capacity of
the depressure-dominated JMB are modeled. The computa-
tion domain is shown in Fig. 4, and the fluid domain mesh
is shown in Fig. 5.

3.3 Boundary conditions and simulation results

3.3.1 The effects of dimensionless flow-rate ratio
on the depressurization capacity

Boundary conditions are given by: (1) The inlet cross sec-
tions is set as the velocity inlet boundary conditions, and

R
1 ©
]

Fig.3 Depressure-dominated JMB crown dimension drawing
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Pressure outlet

Velocity inlet

Depressure-dominated JMB

Fig.4 The computation domain

the inlet velocity is set as 17.13 m/s; (2) the pressure outlet
boundary conditions are chosen for the outlet cross sections,
and the outlet pressure is set as 45 MPa; (3) the wall is set as
the fixed wall boundary condition, and the wall is set as the
standard wall. When the fluid displacement is given, M and
the jet velocity of the nozzles depend on the diameter of the
nozzles. The diameter of nozzles and M can be estimated as

() (2] ¢

d_21 ) (N

Depressure-dominated JMB

Annulus

500 mm
]

125 375

Fig.5 The computation domain mesh
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In the equations, n, is the number of cuttings agitation
and cleaning nozzles, d, is the diameter of the single cuttings
agitation and cleaning nozzle, Q is the fluid displacement, v
is the jet velocity of the nozzles, n, is the number of back-
ward jet nozzles, and d, is the diameter of the single back-
ward jet nozzle. In this case, the effects of dimensionless
flow-rate ratio on the depressurization capacity are modeled
based on different values of dimensionless flow-rate ratio;
the parameters are shown in Table 1.

As shown in Fig. 6, with all other parameter values being
constants, the bottom hole pressure almost decreases with
the decrease in dimensionless flow-rate ratio. Compared
with M = 2:1, the depressurization capacity of the depres-
sure-dominated JMB is obvious when M =1:1, M = 1:2, and
M = 1:3. It means that higher fluid displacement from the
backward jet nozzles than that from the cuttings agitation
and cleaning nozzles may help to enhance the depressuriza-
tion capacity of the depressure-dominated JMB. As there are

Table 1 Parameters for simulating the effects of dimensionless flow-rate ratio on the depressurization capacity

Dimensionless flow-rate Fluid displacement, Jet velocity of the noz-

Diameter of the single cuttings agitation ~ Diameter of the single

ratio L/s zles, m/s and cleaning nozzle, mm backward jet nozzle, mm
2:1 35 49.36 10.97 7.76
1:1 35 74.00 7.76 7.76
1:2 35 98.64 5.49 7.76
1:3 35 111.01 4.48 7.76

Pressure, Pa
4.514e+007
4.511e+007
4.508e+007
I 4.504e+007
4.501e+007
4.498e+007
4.495e+007
4.492e+007
4.488e+007
4.485e+007
4.482e+007
4.479e+007
4.475e+007
4.472e+007
4.469e+007

(a) M=2:1

Pressure, Pa
4.514e+007
4.511e+007
4.508e+007
4.504e+007
4.501e+007
4.498e+007
4.495e+007
4.492e+007
4.488e+007
4.485e+007
4.482e+007
4.479e+007
4.475e+007
4.472e+007
4.469e+007

(c) M=1:2

Pressure, Pa
4.514e+007
4.511e+007
4.508e+007
4.504e+007
4.501e+007
| 4.498e+007
4.4956+007
4.492¢+007
4.488e+007
4.485e+007
4.482e+007
4.479e+007
4.475e+007
4.472e+007
4.469e+007

(b) M=1:1

Pressure, Pa
4.514e+007
4.511e+007
4.508e+007
4.504e+007
4.501e+007
4.498e+007
4.495e+007
4.492¢+007
4.488e+007
4.485¢+007
4.4826+007
4.479e+007
4.475e+007
4.4726+007
4.469e+007

(d) M=1:3

Fig.6 Bottom hole pressure cloud at different dimensionless flow-rate ratios
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Fig. 7 Locations of fluid particles at the bottom hole along the direc-
tion of the depressure-dominated JMB diameter for pressure and
velocity analysis

45100
——M=21 ——M=1:1
——M=12 —~—M=13

45000 -

44900 -

Pressure of fluid particles, kPa

44800 - - - - : : :
0 27 54 81 108 135 162 189 216
Length, mm

Fig.8 The effects of M on the pressure of fluid particles at the bottom
hole along the direction of the depressure-dominated JMB diameter

small junk slots or flowby around the depressure-dominated
JMB, excessively low M will result in the backflow of the
bottom hole fluid. It reduces the depressurization capacity
of the depressure-dominated JMB. For M = 1:1, there is
an obvious unevenness of the bottom hole pressure cloud;
this can help cuttings removal under the bit and enhance
bottom hole cleaning. In order to analyze the pressure and
velocity of the fluid particles at the bottom hole, fluid par-
ticles along the direction of the depressure-dominated JIMB
diameter are selected for analyzing (see the red arrow shown
in Fig. 7). When M = 1:1, the pressure of fluid particles at
the bottom hole along the direction of the depressure-dom-
inated JMB diameter is almost the lowest, and the velocity
of fluid particles at the bottom hole along the direction of
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——M=21 —M=1:1
——M=12 ——M=13

Velocity of fluid particles, m/s

Length, mm

Fig. 9 The effects of M on the velocity of fluid particles at the bottom
hole along the direction of the depressure-dominated JMB diameter

Table 2 Parameters for simulating the effects of jet velocity on the
depressurization capacity

Dimensionless Diameter of the single ~ Average jet  Fluid dis-

flow-rate ratio  cuttings agitation and velocity, m/s placement,
cleaning nozzles and L/s
backward jet nozzles,
mm

1:1 5.76 134.32 35

1:1 6.76 97.52 35

1:1 7.76 74.00 35

1:1 8.76 58.07 35

the depressure-dominated JMB diameter fluctuates up and
down (Figs. 8 and 9); this is helpful for bottom hole clean-
ing. Therefore, for both depressurization and bottom hole
cleaning concern, approximately M = 1:1 is suggested for
designing the depressure-dominated JMB.

3.3.2 The effects of jet velocity on the depressurization
capacity

Boundary conditions are given as follows: (1) The inlet cross
sections are set as the velocity inlet boundary conditions,
and the inlet velocity is set as 17.13 m/s; (2) the pressure
outlet boundary conditions are chosen for the outlet cross
sections, and the outlet pressure is set as 45 MPa; (3) the
wall is set as the fixed wall boundary condition, and the
wall is set as standard wall. With the dimensionless flow-
rate ratio being a constant, the effects of jet velocity on the
depressurization capacity can be investigated by changing
the diameter of cuttings agitation and cleaning nozzles and
backward jet nozzles. When setting M = 1:1, the jet velocity
at different diameters of cuttings agitation and cleaning noz-
zles and backward jet nozzles is shown in Table 2.
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Pressure, Pa
4.510e+007
4.506e+007
4.502e+007
4.498e+007
4.493e+007
4.489e+007
4.485e+007
4.481e+007
4.477e+007
4.473e+007
4.469e+007
4.464e+007
4.460e+007
4.456e+007
4.452e+007

(a) Average jet velocity is 134.32 m/s

Pressure, Pa
4.510e+007
4.506e+007

} 4.502e+007
4.498e+007
4.493e+007
4.489e+007
4.485e+007
4.481e+007
4.477e+007
4.473e+007
4.469e+007
4.464e+007
4.460e+007
4.456e+007
4.452e+007

(c) Average jet velocity is 74.00 m/s

Fig. 10 Bottom hole pressure cloud at different average jet velocity

As shown in Fig. 10, with all other parameter values
being constants, the bottom hole pressure increases with
the increase in the nozzle diameter and the decrease in the
average jet velocity. Large average jet velocity will result
in the unevenness of the bottom hole pressure, and the
larger average jet velocity leads to larger unevenness of
the bottom hole pressure. The unevenness of the bottom
hole pressure can help cuttings removal under the bit and
enhance bottom hole cleaning. As Fig. 11 shows, when
the average jet velocity is over 97.52 m/s, the pressure of
fluid particles at the bottom hole along the direction of
the depressure-dominated JMB diameter fluctuates signifi-
cantly. As indicated in Fig. 12, the velocity of fluid parti-
cles at the bottom hole along the direction of the depres-
sure-dominated JMB diameter fluctuates up and down,
and the increase in the average jet velocity will lead to an
increase in the fluctuant. It reveals that higher average jet

Pressure, Pa
4.510e+007

4.506e+007
4.502e+007
4.498e+007
4.493e+007
4.489e+007
4.485e+007
4.481e+007
4.477e+007
4.473e+007
4.469e+007
4.464e+007
4.460e+007
4.456e+007
4.452e+007

Pressure, Pa
4.510e+007
4.506e+007
4.502e+007
4.498e+007
4.493e+007
4.489e+007
4.485e+007
4.481e+007
4.477e+007
4.473e+007
4.469e+007
4.464e+007
4.460e+007
4.456e+007
4.452e+007

(d) Average jet velocity is 58.07 m/s

45050

44950 -

44850 -

| Average jet velocity
44750 ——134.32 m/s
——97.52 m/s
—=—74.00 m/s
——58.07 m/s
44650 T T T T T T T

0 27 54 81 108 135 162 189 216

Length, mm

©
[2 8
X
o
<
Q
b=
©
a
ped
p=}
=
=
s]
o
g
5
@
7]
2
o

Fig. 11 The effects of jet velocity on the pressure of fluid particles at
the bottom hole along the direction of the depressure-dominated J]MB
diameter
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60

55 Average jet velocity
——134.32 m/s

50 ——97.52 m/s
—=—74.00 m/s

45
——58.07 m/s

Velocity of fluid particles, m/s
w
o

0 27 54 81 108 135 162 189 216
Length, mm

Fig. 12 The effects of jet velocity on the velocity of fluid particles at
the bottom hole along the direction of the depressure-dominated JMB
diameter

velocity results in higher depressurization capacity of the
depressure-dominated JMB.

3.3.3 The effects of dimensionless nozzle-to-throat-area
ratio on the depressurization capacity

Boundary conditions are given as follows: (1) The inlet cross
sections are set as the velocity inlet boundary conditions,
and the inlet velocity is set as 16.50 m/s; (2) the pressure
outlet boundary conditions are chosen for the outlet cross
sections, and the outlet pressure is set as 60 MPa; (3) the
wall is set as the fixed wall boundary condition, and the
wall is set as the standard wall. With the jet velocity of the
nozzles being a constant and M = 1:1, the effects of dimen-
sionless nozzle-to-throat-area ratio on the depressurization
capacity can be investigated by changing the dimensionless
nozzle-to-throat-area ratio.

As shown in Fig. 13, with all other parameter values
being constants, the bottom hole pressure increases with
the increase in the dimensionless nozzle-to-throat-area ratio.
Compared with other dimensionless nozzle-to-throat-area
ratios, the depressurization capacity of the depressure-dom-
inated JMB is obvious when R = 0.15. It also reveals that
low dimensionless nozzle-to-throat-area ratio will result in
the unevenness of the bottom hole pressure, and the lower
dimensionless nozzle-to-throat-area ratio leads to larger
unevenness of the bottom hole pressure. The unevenness of
the bottom hole pressure can help cuttings removal under
the bit and enhance bottom hole cleaning. As indicated in
Figs. 14 and 15, when R = 0.15, the pressure of fluid parti-
cles at the bottom hole along the direction of the depressure-
dominated JMB diameter is almost the lowest and fluctuates
significantly; meanwhile, the velocity of fluid particles at
the bottom hole along the direction of the depressure-domi-
nated JMB diameter is high. This is helpful for bottom hole
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cleaning. Therefore, lower dimensionless nozzle-to-throat-
area ratio will result in higher depressurization capacity and
better bottom hole cleaning of the depressure-dominated
JMB.

4 Experimental analysis
of the depressurization capacity

4.1 Experimental procedure

Experimental investigation on the depressurization capac-
ity of the depressure-dominated JMB is conducted. A
full-scale experimental system is set up (Fig. 16), and the
schematic of the experimental system is shown in Fig. 17.
The experimental system mainly consists of a mud tank,
pipelines, a mud pump, a wellbore, a depressure-domi-
nated JMB, pressure transducers, and a computer for col-
lecting data. The maximum displacement of the mud pump
is 25 L/s. The diameter of the depressure-dominated JMB
is 215.9 mm, and the depressure-dominated JMB has 5
blades, 5 backward jet nozzles, and 5 cuttings agitation
and cleaning nozzles (Fig. 17). The inner diameter of
the wellbore is 220.5 mm, and the length of the wellbore
is 1.2 m. Three pressure transducers are installed in the
experimental system: pressure transducer 1 is installed
at the drill pipe near the depressure-dominated JMB in
order to monitor the injecting pressure of the depressure-
dominated JMB; pressure transducer 2 is installed at the
bottom hole near cuttings—suction channel of the depres-
sure-dominated JMB in order to monitor bottom hole
pressure; pressure transducer 3 is installed at the wellbore
above the depressure-dominated JMB in order to moni-
tor the annulus pressure. After eliminating the pressure
difference owning to the height difference of the pressure
transducers, the pressure difference between pressure
transducers 1 and 2 indicates the depressurization capacity
of the depressure-dominated JMB under various experi-
mental conditions. Circulating drilling fluid through the
drill pipe, depressure-dominated JMB, and the wellbore,
the depressurization capacity of the depressure-dominated
JMB can be tested. In this case, the effects of dimension-
less flow-rate ratio on the depressurization capacity of the
depressure-dominated JMB are analyzed by blocking the
cuttings agitation and cleaning nozzles with choke plugs.
The designed parameter combinations of dimensionless
flow-rate ratio for the experiment are shown in Table 3.

4.2 Experimental results and discussion

As shown in Fig. 18, when the depressure-dominated
JMB has 5 backward jet nozzles and 5 cuttings agitation
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Pressure, Pa Pressure, Pa

6.000e+007 6.000e+007
5.998e+007 5.998+007
5.996e+007 5.996e+007
5.994e+007 5.994e+007
5.992e+007 5.992¢+007
5.990e+007 5.990e+007
5.988e+007 5.988e+007
5.986e+007 5.986e+007
5.984e+007 5.984e+007
5.982e+007 5.982e+007
5.980e+007 5.980e+007
(a) R=0.15
Pressure, Pa Pressure, Pa
6.000e+007 6.000e+007
5.998e+007 5.998e+007
5.996e+007 5.996e+007
5.994e+007 5.994e+007
5.992e+007 5.992+007
5.990e+007 5.990e+007
5.988e+007 5.988e+007
5.986e+007 5.986e+007
5.984e+007 5.984e+007
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Fig. 13 Bottom hole pressure cloud at different dimensionless nozzle-to-throat-area ratios
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Fig. 14 The effects of R on the pressure of fluid particles at the bot-
tom hole along the direction of the depressure-dominated JMB diam-
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Fig. 15 The effects of R on the velocity of fluid particles at the bot-
tom hole along the direction of the depressure-dominated JMB diam-
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(a) Depressure-dominated JMB

Fig. 16 The full-scale experimental system
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(b) Depressure-dominated JMB trips out

and cleaning nozzles, namely M = 1:1, both the annulus
pressure and the bottom hole pressure increase with the
increase in injecting pressure, and the pressure difference
between the annulus pressure and the bottom hole pres-
sure also increases. When the injecting pressure is lower
than 1.5 MPa, the pressure difference increases slowly.
When the injecting pressure is over 1.5 MPa, it increases
obviously, and it rockets when the injecting pressure is
over 2.0 MPa. Compared with the pressure difference,
the pressure difference-to-annulus pressure ratio is rela-
tively maintained stable. It goes up and down with the
increase in injecting pressure while the value is within
the range of 0.03-0.1. When one of the cuttings agita-
tion and cleaning nozzles is blocked with a choke plug,
namely M = 4:5, both the annulus pressure and the bottom
hole pressure still increase with the increase in injecting
pressure, and the pressure difference between the annu-
lus pressure and the bottom hole pressure also increases
obviously (Fig. 19). When the injecting pressure is lower
than 2.1 MPa, the pressure difference increases slowly.
When the injecting pressure is over 2.1 MPa, it increases
obviously, and it rockets when the injecting pressure is
over 2.4 MPa. Compared with the pressure difference, the
pressure difference-to-annulus pressure ratio is relatively
maintained stable. It goes up and down with the increase
in injecting pressure while the value is within the range
of 0.02-0.15.

As shown in Figs. 18b and 19b, with the injecting pressure
increasing at the same condition, when one of the cuttings
agitation and cleaning nozzles is blocked with a choke plug
and the dimensionless flow-rate ratio reduces to 4:5 from
1:1, the ultimate pressure difference between the annulus
pressure and the bottom hole pressure increases from 0.01
to 0.12 MPa, and the ultimate pressure difference-to-annulus

(C) Depressurization capacity test
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Fig. 17 Schematic of the experimental system

pressure ratio also increases from 0.092 to 0.113. It indicates
that at the same condition, reducing the dimensionless flow-
rate ratio may help to increase the depressurization capacity
of the depressure-dominated JMB. This matches with the
above numerical simulation results that higher fluid dis-
placement from the backward jet nozzles than that from the
cuttings agitation and cleaning nozzles may help to enhance
the depressurization capacity of the depressure-dominated
JMB. Moreover, the depressurization capacity of the depres-
sure-dominated JMB increases with the injecting pressure
(Figs. 18a and 19a). Due to the limits of the real allowable
power of the mud pump and the pressure-proof of the pipe-
line of the laboratory-scale experimental rigs, please note

Table3 The designed parameter combinations of dimensionless
flow-rate ratio

Dimensionless Number and diam- Number and diameter
flow-rate ratio for eter (in mm) of the (in mm) of the single
experiment single cuttings agita- backward jet nozzles
tion and cleaning
nozzles
1:1 5%x7.76 5%x7.76
4:5 4x7.76 5%7.76

that the ultimate pressure difference testing in this experi-
ment may not reveal the ultimate depressurization capacity
of the depressure-dominated JMB.

The depressurization capacity under real bottom hole
condition of the depressure-dominated JMB with M = 1:1
is numerically simulated in the early section. In order to
numerically analyze the pressure under the real bottom hole
condition, fluid particles along the direction indicated as the
red arrow that is vertically from the inlet of cuttings—suc-
tion channel to the bottom hole are selected for analyz-
ing (Fig. 20). The vertical distance from the inlet of cut-
tings—suction channel to the bottom hole is 72 mm. When
M = 1:1, the pressure of fluid particles near the inlet of
cuttings—suction channel is almost the lowest and then goes
up toward the bottom hole, and accordingly the pressure dif-
ference between the annulus pressure and the bottom hole
pressure ranges from 0.15 to 0.61 MPa (Fig. 21). It is higher
than the experimental results; it can conjecture that it may
achieve a higher depressurization capacity in the real drilling
situation with the depressure-dominated JMB.
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Fig. 19 Pressure curves at M = 4:5

5 Conclusions

In this paper, a new type of depressure-dominated JMB is
presented; meanwhile, the depressurization capacity of the
depressure-dominated JMB is investigated by numerical
simulations and experiments. The numerical study shows
that higher fluid displacement from the backward jet nozzles
than that from the cuttings agitation and cleaning nozzles
helps to enhance the depressurization capacity of the depres-
sure-dominated JMB; for both depressurization and bottom
hole cleaning concern, the flow-rate ratio is suggested to be
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set at approximately 1:1. Higher average jet velocity results
in higher depressurization capacity of the depressure-domi-
nated JMB. With all other parameter values being constant,
lower dimensionless nozzle-to-throat-area ratio may result
in higher depressurization capacity and better bottom hole
cleaning of the depressure-dominated JMB, and the optimal
dimensionless nozzle-to-throat-area ratio is at approximately
0.15. Experiments indicate that reducing the dimensionless
flow-rate ratio may help to increase the depressurization
capacity of the depressure-dominated JMB.
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Fig.20 Locations of fluid particles at the bottom hole along the red
arrow for pressure analysis
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Fig.21 Pressure of fluid particles at the bottom hole along the direc-
tion of the red arrow shown in Fig. 20
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