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a b s t r a c t

A jet mill bit (JMB) is proposed to increase the drilling efficiency and safety of horizontal wells, which has
the hydraulic characteristics of depressurization and cuttings cleaning. This paper fills the gap in the
hydraulic study of the JMB by focusing on the hydraulic modeling and optimization of the JMB and
considering these two hydraulic characteristics. First, the hydraulic depressurization model and the
hydraulic cuttings cleaning model of the JMB are developed respectively. In the models, the pressure
ratio and efficiency are chosen as the evaluation parameters of the depressurization capacity of the JMB,
and the jet hydraulic power and jet impact force are chosen as the evaluation parameters of cuttings
cleaning capacity of the JMB. Second, based on the hydraulic models, the effects of model parameters
[friction loss coefficient, target inclination angle, rate of penetration (ROP), flow ratio, and well depth] on
the hydraulic performance of the JMB are investigated. The results show that an increase in the friction
loss coefficient and target inclination angle cause a significant reduction in the hydraulic depressur-
ization capacity, and the effect of ROP is negligible. The flow ratio is positively related to the hydraulic
cuttings cleaning capacity, and the well depth determines the maximum hydraulic cuttings cleaning
capacity. Finally, by combining the hydraulic depressurization model and hydraulic cuttings cleaning
model, an optimization method of JMB hydraulics is proposed to simultaneously maximize the jet
depressurization capacity and the cuttings cleaning capacity. According to the drilling parameters given,
the optimal values of the drilling fluid flow rate, backward nozzle diameter, forward nozzle diameter, and
throat diameter can be determined. Moreover, a case study is conducted to verify the effectiveness of the
optimization method.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With the development of unconventional oil and gas resources,
the number of horizontal wells is increasing rapidly, and the
question of how to increase the drilling efficiency and safety of
horizontal wells has become a pressing concern (Adesina et al.,
2011; Chen et al., 2021a, 2021b; Tang et al., 2019; Wu et al.,
2020). In response to this concern, a unique bit referred to as the
jet mill bit (JMB) with complex internal flow channels is proposed,
which can improve rate of penetration (ROP) and cuttings trans-
portation efficiency via the jet depressurization effect and jet
hen).

y Elsevier B.V. on behalf of KeAi Co
cuttings crushing effect (Cao et al., 2019; Chen et al., 2016a, 2020;
Chen and Gao, 2016; Chen et al., 2016b). Due to the addition of
complex internal flow channels, the drilling fluid entering the JMB
is split into two streams: part of the drilling fluid flows into back-
ward nozzles to clean cuttings and cool the cutters, and another
part of the drilling fluid flows into forward nozzles to generate the
low-pressure zone to draw the bottom hole drilling fluid and
reduce bottom hole pressure. Therefore, the JMB has not only cut-
tings cleaning characteristic but also depressurization character-
istic, and both characteristics should be considered in the
hydraulics of the JMB.

As shown in Fig. 1, the depressurization capacity of the JMB is
realized by a jet negative pressure suction device, which has a
working principle similar to that of a jet pump. Therefore, a hy-
draulic study of the depressurization characteristic of a JMB can be
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Fig. 1. Structure diagram of JMB.
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based on the jet pump theory. The jet pump, which was first used
by James Thompson in 1852, has three main components: nozzle,
throat, and diffuser. Rankine (1871) introduced the mathematical
theory of jet pumps based on momentum theory in 1870; after-
ward, many researchers published a number of papers and devel-
oped jet pump technology. Gosline and O'Brien (1934) carried out
theoretical and experimental studies on liquid jet pumps and
established a basic characteristic equation that is considered stan-
dard reference work. Cunningham (1957) conducted an experi-
mental program of eight jet pumps with different nozzle-to-throat
area ratios and established the basic characteristic equation of the
jet pump, which introduced dimensionless ratios and friction co-
efficients. Kermit (1980) introduced the application of a jet pump in
oil recovery and proposed a calculation method of the pressure
ratio based on the work of Gosline. Grupping et al. (1988) estab-
lished the basic characteristic equation of a jet pump when the
power fluid and suction fluid have different densities, introduced a
dimensional mass flow ratio, and provided a set of design and
analysis methods for a jet pump for oil recovery. Wang et al.
(2004a) derived a calculation formula for the efficiency of a jet
pump and developed an optimal parameter model to maximize the
efficiency. The results showed that the optimal area ratio was 0.28
when the density ratio was 1, and the friction loss coefficients were
given by Kermit (1980).

Except for the depressurization capacity, the cuttings cleaning
capacity of the JMB is the same as that of the common bit. The
hydraulics of the bit determine the ability of the drilling fluid to
effectively transport cuttings from the bottom hole and eliminate
bit balling and are viewed as the primary tool to improve the ROP
and reduce the drilling cost. Therefore, optimization of bit hy-
draulics has been a popular topic for several decades. Speer (1959)
first found that an increase in mud pump power directly improves
the hydraulic performance of the bit, but the ROP will not always
increase with increasing mud pump power. Later, it was recognized
that the efficient utilization of mud pump power is also important
for improving ROP because the hydraulics of the bit have a more
direct influence on bit performance. Kendall and Goins (1960)
developed methods to maximize the hydraulic quantities of bit,
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including hydraulic horsepower, jet impact force, and jet velocity,
while the pump pressure, well depth and pressure loss in drilling
fluid circulation system were considered in the methods. McLean
(1965) found through experiments that the bit performance is
best when the bit jet impact force is maximum because the velocity
of the drilling fluid across the bottom hole is also maximum at that
time. More recently, bit structure parameters (junk slot area, face
volume, etc.) and non-circle nozzles were used to improve the
hydraulic performance of the bit (Schnuriger et al., 2017; Wells
et al., 2008).

Although a number of models have been developed for the
hydraulic performance of jet pumps and common bits, there is no
available model or method for optimizing JMB hydraulics in terms
of depressurization capacity and cuttings cleaning capacity;
therefore, this paper seeks to fill this gap. In this paper, a hydraulic
depressurization model of the JMB is developed based on the
theory of the jet pump, and a hydraulic cuttings cleaning model of
the JMB is developed based on the theory of jet hydraulic power
and jet impact force to evaluate and analyze the depressurization
capacity and cuttings cleaning capacity of the JMB. Furthermore,
the relation between these two hydraulic models is developed, the
optimization method of JMB hydraulics is proposed to simulta-
neously maximize the depressurization capacity and the cuttings
cleaning capacity, and the optimization procedure is illustrated
with a case study.

2. Principle of JMB

Based on the principle of the jet pump and jet crushing (Beithou
and Aybar, 2001; Liu et al., 2019; Wang et al., 2021; Zhu and Liu,
2015), the JMB is combined with jet negative pressure suction de-
vices and jet cuttings crushing devices to achieve the suction of
bottom hole drilling fluid and the secondary crushing of cuttings, as
shown in Fig. 1. The jet negative pressure suction device is
composed of a backward nozzle, cuttings suction channel, mixing
chamber, and acceleration tube. The jet cuttings crushing device is
composed of an acceleration tube, comminution chamber,
comminution target, and diffuser.
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The action mechanism of the jet negative pressure suction de-
vice is as follows: when the high-pressure drilling fluid enters the
central channel inside the JMB, it splits into two streams at the
intersections of the forward and backward nozzles. Drilling fluid
through the forward nozzle cleans the bottom hole and cools the
cutters, preventing the cutters from being muddy and overheated.
Drilling fluid through the backward nozzle generates a low-
pressure zone at the outlet of the backward nozzle. As a result of
the pressure difference, the bottom hole drilling fluid is suctioned
to enter the cuttings suction channel, thereby decreasing the bot-
tom hole pressure and reducing the cuttings hold-down effect, both
of which are advantageous for enhancing the ROP.

The action mechanism of the jet crushing cuttings device is as
follows: the bottom hole drilling fluid with cuttings is suctioned to
enter the mixing chamber, where it mixes and exchanges energy
with high-speed drilling fluid from the backward nozzle; the cut-
tings is dragged by the high-speed drilling fluid to accelerate along
the acceleration tube; then high-velocity cuttings violently collides
with the comminution target in the comminution chamber, and the
enormous shock stress waves generated at the moment of collision
can destroy the bond within the cuttings particle, resulting in the
secondary crushing of cuttings. This is advantageous for cuttings
transportation efficiency and fundamentally eliminating the cut-
tings bed in horizontal wells.
3. Hydraulic depressurization modeling of JMB

3.1. Hydraulic characteristic parameters of JMB

The hydraulic depressurization structure of JMB is shown in
Fig. 2. p1 is the pressure of drilling fluid in central channel inside
JMB, Pa; q1 is the volume flow of power drilling fluid (through
backward nozzles), m3/s; r1 is the density of drilling fluid in central
channel inside JMB, kg/m3; q2 is the volume flow of drilling fluid
through forward nozzles, m3/s; p3 is the pressure of suction drilling
fluid, Pa; q3 is the volume flow of suction drilling fluid, m3/s; r3 is
the density of suction drilling fluid (drilling fluid with cuttings), kg/
m3; p4 is the outlet pressure of diffuser, Pa; q4 is the volume flow of
mixed drilling fluid, m3/s; r4 is the density of mixed drilling fluid,
kg/m3; Au is the outlet area of backward nozzle, m2; At is the cross-
sectional area of throat, m2; As is the cross-sectional area of the
Fig. 2. Schematic diagram of hydraulic
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annual between backward nozzle and throat, m2; and q is the angle
between comminution target and central line of throat, rad.

To analyze and evaluate the hydraulic depressurization capacity
of the JMB, it is necessary to develop a hydraulic depressurization
model. First, the dimensional characteristic parameters are given as
follows.
3.1.1. Dimensionless pressure ratio P
The dimensionless pressure ratio P is defined as the ratio be-

tween the pressure increment of the suction drilling fluid and the
pressure decrement of the power drilling fluid and can be given as

P¼ p4 � p3
p1 � p4

(1)

The larger the dimensionless pressure ratio P, the stronger the
suction effect of the JMB on the bottom hole drilling fluid.
3.1.2. Dimensionless flow ratio M
The dimensionless flow ratio M is defined as the ratio between

the volume flow of the suction drilling fluid and power drilling
fluid, which can be given as

M¼ q3
q1

¼ d2d
d2u

(2)

where du is the diameter of the backward nozzle, m; and dd is the
diameter of the forward nozzle, m.
3.1.3. Dimensionless area ratio R
The dimensionless area ratio R is defined as the area ratio be-

tween the outlet area of the backward nozzle and the cross-
sectional area of the throat, which can be given as

R¼Au

At
(3)

When the wall thickness of the backward nozzle is ignored, Eq. (3)
can be written as
depressurization structure of JMB.
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R¼ du
2

dt
2 (4)

where dt is the diameter of the throat, m.
Accordingly, the flow velocity can be written as

vju ¼
q1
Au

(5)

vs ¼ q3
As

¼ Mq1
Au
R � Au

¼ MRvju
1� R

(6)

vt¼ q4
At

¼ q1 þMq1
Au
R

¼ð1þMÞRvju (7)

where vju is the flow velocity of drilling fluid passing through the
backward nozzle, m/s; vs is the flow velocity of drilling fluid passing
through the inlet of the throat, m/s; and vt is the flow velocity of
mixed drilling fluid passing through the throat, m/s.
3.1.4. Dimensional density ratio r

The dimensional density ratio r is defined as the density ratio
between the suction drilling fluid and power drilling fluid and can
be given as

r¼ r3
r1

(8)

After mixing the suction drilling fluid and power drilling fluid in
the mixing chamber, the density of the mixed drilling fluid r4 can
be written as

r4 ¼
r1q1 þ r3q3
q1 þ q3

¼ 1þ rM
1þM

r1 (9)

It is assumed that cuttings generated during drilling are fully
and quickly mixed with drilling fluid, and the effect of cuttings
volume is negligible. Then, the relationship between the density of
suction drilling fluid and ROP can be written as

r3 ¼
Rop

3600p
�
dw
2

�2
rr

q3
þ r1 ¼

Roppdw
2rr

14400q3
þ r1 (10)

where Rop is the rate of penetration, m/h; dw is the diameter of the
wellbore, m; and rr is the density of rock, kg/m3.

Substituting Eq. (10) into Eq. (8), the density rate r can be
written as

r¼1þ Roppdw
2rr

14400q3r1
(11)
3.2. Derivation of the hydraulic depressurization characteristic
equation of the JMB

In this section, a hydraulic depressurization characteristic
equation is developed to complete the theoretical analysis of JMB
hydraulics. Considering that the flow condition of drilling fluid in
the internal structures of the JMB is quite complex, it is difficult to
analyze the flow mechanism from a theoretical standpoint.
Therefore, themodel constructed in this section focuses only on the
input and output characteristics of the JMB from an energy-work
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perspective. The following assumptions are provided to facilitate
model derivation:

(1) The variation in the viscosity of the drilling fluid is ignored.
(2) The effect of the distance between the backward nozzle and

throat is ignored.
(3) All drilling fluid from the bottom hole returns upward

through the suction channel.
(4) In the mixing chamber, the power drilling fluid and suction

drilling fluid are thoroughly mixed.
(5) All the hydraulic depressurization structures are the same

and uniformly distributed on the JMB in circumferential
direction.

The energy conservation equation of drilling fluid flowing
through the JMB can be expressed as follows:

Ej ¼ Es þ Lm þ Lj þ Ls þ Ltd þ Lc (12)

where Ej is the energy provided by power drilling fluid in unit time,
W; Es is the energy obtained by suction drilling fluid in unit time,
W; Lm is the energy loss in unit time during mixing of suction
drilling fluid and power drilling fluid in the throat, W; Lj is the
energy loss in unit time when drilling fluid passes through nozzles,
W; Ls is the energy loss in unit time when drilling fluid passes the
cuttings suction channel, W; Ltd is the energy loss in unit timewhen
mixed drilling fluid passes through the throat and diffuser, W; Lc is
the energy loss in unit time when mixed drilling fluid passes
through the comminution chamber, W.

The energy provided by the power drilling fluid in unit time can
be written as

Ej ¼ q1ðp1 �p4Þ þ q2ðp1 �p3Þ (13)

The energy obtained by suction drilling fluid in unit time can be
written as

Es ¼ q3ðp4 � p3Þ (14)

Based on the Lorenz mixed loss model (Kermit, 1980; Wang
et al., 2004b; Winoto et al., 2000), the energy loss in unit time
during the mixing of suction drilling fluid and power drilling fluid
in the throat can be written as

Lm ¼1
2

�
r1q1

�
vju � vt

�2 þ r1q2
�
vjd � vs

�2 þ r3q3ðvs � vtÞ2
�

(15)

where vjd is the velocity of drilling fluid passing through the for-
ward nozzle, m/s.

The energy loss in unit time of drilling fluid passing through
nozzles can be written as (Wang et al., 2004a)

Lj¼ Lju þ Ljd ¼
1
2

�
r1q1Kjuv

2
ju þ r1q2Kjdv

2
jd

�
(16)

where Lju is the energy loss in unit time of drilling fluid passing
through the backward nozzles, W; Ljd is the energy loss in unit time
of drilling fluid passing through the forward nozzles, W; Kju is the
friction loss coefficient of the backward nozzle; and Kjd is the fric-
tion loss coefficient of the forward nozzle.

The forward and backward nozzles are connected with the
central channel; therefore, the velocities of drilling fluid passing
through different nozzles are the same, which is shown in Eq. (17).
The friction loss coefficient is proportional to the flow rate, which
can be shown as
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vju ¼ vjd (17)

Kjd

Kju
¼ q3
q1

¼ M (18)

Substituting Eqs. (17) and (18) into Eq. (16), the following
equation can be obtained.

Lj ¼
�
1þM2

�1
2
r1q1Kjuv

2
ju (19)

Combined with Eqs. (2) and (6) and Eq. (8), the energy loss in
unit time when drilling fluid passes the cuttings suction channel
can be written as

Ls ¼1
2
r3q3Ksv

2
s ¼ rM

�
MR
1� R

	21
2
r1q1Ksv

2
ju (20)

where Ks is the friction loss coefficient of the annular channel of the
throat inlet.

Combined with Eqs. (2) and (7), and Eq. (9), the energy loss in
unit time when mixed drilling fluid passes through the throat and
diffuser can be written as

Ltd ¼ Lt þ Ld ¼
1
2

�
r4q4Ktv

2
t þ r4q4Kdv

2
t

�
¼ 1
2
r4q4Ktdv

2
t

¼ ð1þ rMÞð1þMÞ2R21
2
r1q1Ktdv

2
ju

(21)

where Lt is the energy loss in unit time of mixed drilling fluid
passing through the throat, W; Ld is the energy loss in unit time of
mixed drilling fluid passing through the diffuser, W; Kt is the fric-
tion loss coefficient of the throat; Kd is the friction loss coefficient of
the diffuser; and Ktd is the sum of the friction loss coefficient of the
throat and diffuser.

Combined with Eqs. (2) and (7) and Eq. (9), the energy loss in
unit time when mixed drilling fluid passes the comminution
chamber can be written as (Berger et al., 1983; Qi, 2017)

Lc ¼1
2
r4q4xv

2
t ¼ð1þ rMÞð1þMÞ2R21

2
r1q1xv

2
ju (22)

x ¼ 1:892 sin2
�
q

2

	
þ 4:094 sin4

�
q

2

	
(23)

where x is the local resistance coefficient; and q is the inclination
angle of the comminution target, rad.

Substituting Eq. (13)‒(15) and Eq. (19)‒(22) into Eq. (12), the
energy conservation equation of the JMB can be written as

ð1þMÞðp1 � p4Þ ¼
1
2
r1v

2
ju

"
rM
�

MR
1� R

	2

Ksþ

ð1þ rMÞð1þMÞ2R2ðKtd þ xÞ þ
�
1þM2

�
Kju þ ð1� R�MRÞ2þ

M
�
1� MR

1� R

	2
þ rM

�
MR
1� R

� R�MR
	2
#

(24)

As shown in Fig. 2, the outlet of the backward nozzle is set to
Section 3-3, the inlet of the backward nozzle is set to Section 1-1,
and the drilling fluid suction port is set to Section 2-2. Based on
Bernoulli's principle, the energy conservation equation of power
drilling fluid flowing from Section 1-1 to Section 3-3 and the energy
conservation equation of suction drilling fluid flowing from Section
2-2 to Section 3-3 can be built. Since the kinetic energy of the
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power drilling fluid in Section 1-1 and suction drilling fluid in
Section 2-2 are negligible, the following energy conservation
equations can be obtained:

p1 ¼ps þ 1
2
�
1þKju

�
r1v

2
ju (25)

p3 ¼ps þ 1
2
ð1þKsÞr3v2s (26)

Eq. (25) minus Eq. (26) to obtain

p1 �p3 ¼
1
2
�
1þKju

�
r1v

2
ju � 1

2
ð1þKsÞr3v2s (27)

Substituting Eqs. (6) and (8) into Eq. (27), the following equation
can be obtained:

r1v
2
ju

2
¼ p1 � p3

1þ Kju � ð1þ KsÞr
�
MR
1�R

�2 (28)

Substituting Eq. (28) into Eq. (24), the following equation can be
obtained:

ð1þMÞðp1 � p4Þ ¼
p1 � p3

1þ Kju � ð1þ KsÞr
� MR
1� R

�2
h�

1þM2
�

Kju þ rM
�

MR
1� R

	2
Ks þ ð1þ rMÞð1þMÞ2R2

ðKtd þ xÞ þ ð1� R�MRÞ2 þM
�
1� MR

1� R

	2
þ

rM
�

MR
1� R

� R�MR
	2

3
7775

(29)

For convenience, let

l¼

�
1þM2

�
KjuþrM

�
MR
1�R

	2

Ksþð1þrMÞð1þMÞ2R2ðKtdþxÞþ

ð1�R�MRÞ2þM
�
1� MR

1�R

	2

þrM
�

MR
1�R

�R�MR
	2

�
1þKju

��ð1þKsÞr
�MR
1�R

�2
(30)

Substituting Eq. (30) into Eq. (29), the following equation can be
obtained:

ð1þMÞ¼ p1 � p3
p1 � p4

l¼ð1þ PÞl (31)

From Eq. (31), the dimensionless pressure ratio P can be ob-
tained as

P¼1þM � l

l
(32)

The work efficiency E of the JMB is defined as the ratio between
the energy increase of the suction drilling fluid and the energy
decrease of the power drilling fluid and can be written as

E¼ Es
Ej

¼ MP
1þMð1þ PÞ¼

M2 �MlþM
M2 þ lþM

(33)

Eqs. (32) and (33) are the hydraulic depressurization



Table 1
Parameter values of hydraulic model.
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characteristic equations of the JMB, which can be used to analyze
and evaluate the hydraulic depressurization capacity of the JMB.
Parameter r Kju Ks Ktd q x

Value 1 0.15 0.2 0.38 0.69 0.3

Note: the values of friction loss coefficients refer to typical values provided by
Kermit and Winoto (Kermit, 1980; Winoto et al., 2000).

Fig. 4. Efficiency curves of JMB with different area ratios.
3.3. Hydraulic characteristic curves of JMB

Based on Eqs. (32) and (33), the dimensionless pressure ratio P
and work efficiency E can be expressed in the following functional
form:

P¼ fP
�
M; r;R;Kju;Ks;Ktd; x

�
(34)

E¼ fE
�
M; r;R;Kju;Ks;Ktd; x

�
(35)

where the dimensionless area ratio R, friction loss coefficients (Kju,
Ks, Ktd), and local resistance coefficient x depend on the internal
structures and surface quality of the JMB, which are determined
after the JMB is designed and machined. The density ratio r de-
pends on the drilling fluid density and ROP, which varies during
drilling. The flow rate M is controlled by the diameters of the for-
ward and backward nozzles. The curves of P versus M and E versus
M are called the hydraulic characteristic curves of the JMB, which
are depicted in Fig. 3 using the parameter values from Table 1.

From Fig. 3, the following can be observed:

(1) The curves of E versusM are arched, and there is an efficiency
peak.

(2) The curves of P versus M are on a downward trend, which
indicates that the increment of suction drilling fluid can
reduce the pressurization effect of JMB.

(3) The value of the area ratio R affects the efficiency peak and
the working range of M. With the decrement of R, the
changing trend of the maximum efficiencies of the E-M
curves is arched, and the working range of M expands.

From Fig. 3, it is known that the area ratio R has an effect on the
highest efficiency of the E-M curve. Therefore, the highest efficiency
of the E-M curvewith an area ratio is referred to as the local optimal
efficiency Elopt, and the corresponding R and P are referred to as the
local optimal area ratio Mlopt and local optimal pressure ratio Plopt,
respectively. There is amaximum in the different Elopt values, which
is referred to as the global optimal efficiency Eopt, and the corre-
sponding M and P are referred to as the global optimal flow ratio
Mopt and global optimal pressure ratio Popt. By calculating the
Fig. 3. Hydraulic characteristic curves of JMB.

Fig. 5. Pressure ratio curves of JMB with different area ratios.
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pressure ratio P and efficiency E at different area ratios R, Figs. 4 and
5 can be obtained.

The curve of Plopt (constant R) is the outer envelope of the E-M
curves with different area ratios R, and the curve of Plopt (constant
M) is a line of the highest points of the E-M curves with different
area ratios R. Observing these two curves reveals that Plopt (con-
stant R) is less than Plopt (constant M) and that only at the global
optimal point are they equal. TheM corresponding to Plopt is mostly
in the range of 0.32e1.68, which is the high-efficiency flow ratio
range of the JMB.



Fig. 7. Hydraulic characteristic curves at different Ks values.

Fig. 8. Hydraulic characteristic curves at different Ktd values.
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3.4. Parametric study of hydraulic depressurization capacity of JMB

In this section, a parametric study is conducted to investigate
the effect mechanism of different parameters on the hydraulic
depressurization capacity of the JMB.

3.4.1. Effect of friction loss coefficient
The greater the friction loss coefficient, the greater the energy

loss of the drilling fluid. Figs. 6‒8 illustrate the hydraulic charac-
teristic curves for three friction loss coefficients. As the friction loss
coefficients grow, it can be observed that the pressure ratio P and
efficiency E of the JMB decline. In comparison to Ks and Ktd, Kju has a
more significant negative effect on the hydraulic depressurization
capacity of the JMB. When Kju is 0.30, the maximum working effi-
ciency is only 0.16, therefore Kju should be controlled at a low level
to obtain a high working efficiency.

3.4.2. Effect of target inclination angle
Fig. 9 depicts the hydraulic curves at different target inclination

angles. The comminution target increases the energy loss of the
drilling fluid and decreases the dimensionless pressure ratio and
work efficiency of the JMB because the target impedes the flow of
the drilling fluid. The greater the target inclination angle, the lower
the hydraulic depressurization capacity of JMB.

When it is greater than 40�, the inclination angle q has a sig-
nificant negative influence on the hydraulic depressurization ca-
pacity of the JMB. To improve the hydraulic depressurization
capacity of the JMB, the inclination angle should be controlled to be
as small as possible. However, to improve the hydraulic cuttings
crushing capacity of the JMB, the inclination angle should be
controlled to be as large as possible. In light of this, the optimization
of the inclination angle should strike a compromise between the
hydraulic depressurization capacity and the hydraulic cuttings
crushing capacity.

3.4.3. Effect of density ratio/ROP
From Eq. (11), it can be seen that the density ratio r is related to

Rop, dw, rr, q3, and r1, and only Rop is the controllable parameter
during drilling. Therefore, the effects of the density ratio/ROP on
the hydraulic depressurization capacity of the JMB are investigated
in this section, and the simulation results are shown in Figs. 10 and
11.

From Fig. 10, it can be seen that the hydraulic depressurization
capacity decreases as the density ratio increases, because the
increasing density ratio increases the energy loss of drilling fluid
Fig. 6. Hydraulic characteristic curves at different Kju values.

Fig. 9. Hydraulic characteristic curves at different target inclination angles q
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and the difficulty of suctioning drilling fluid. When r is 2, the local
maximum efficiency is only 0.12, which indicates that the density
ratio should be controlled at a low level.



Fig. 10. Hydraulic characteristic curves at different density ratios r

Fig. 11. Hydraulic characteristic curves at different ROP.
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From Fig. 11, it can be seen that although the density ratio in-
creases as ROP increases, the increase is very small (the magnitude
is 10�2), and the associated decrease in hydraulic depressurization
capacity is negligible. It can therefore be considered that the ROP
has no effect on the hydraulic depressurization effect of the JMB
during drilling.
4. Hydraulic cuttings cleaning modeling of JMB

Besides the hydraulic depressurization capacity, the hydraulic
cuttings cleaning capacity is also essential to the JMB performance.
In this section, a hydraulic cuttings cleaning model is developed to
analyze and optimize the hydraulic cuttings cleaning capacity of
JMB.
4.1. Jet hydraulic power of JMB

The jet hydraulic power of a common bit is defined as the
drilling fluid hydraulic power lost at the bit during circulation of the
drilling fluid (Lim and Chukwu, 1996). The greater the jet hydraulic
power, the better the cuttings cleaning effect of the bit. The jet
hydraulic power of the bit is written as (Guan et al., 2021)
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Pb ¼ Ps � Pg � Pst � Pa ¼ Ps � KLQ
2:8 (36)

where Pb is the jet hydraulic power of the bit, kW; Ps is the output
power of the mud pump, kW; Pg is the drilling fluid power dissi-
pated at the ground manifold, kW; Pst is the drilling fluid power
dissipated at the drill string, kW; Pa is the drilling fluid power
dissipated in the annulus, kW; KL is the pressure loss coefficient of
the drilling fluid circulation system; and Q is the volume flow of the
drilling fluid, L/s.

Because the drilling fluid entering the JMB is split to flow
through the forward nozzles and backward nozzles, the hydraulic
power of the JMB used to clean cuttings is part of Pb and can be
written as

Pbd ¼
q2
Q
Pb ¼

q2
Q

�
Ps �KLQ

2:8
�

(37)

Q ¼ q1 þ q2 (38)

where Pbd is the hydraulic power of the JMB used to clean cuttings,
kW; q1 is the volume flow of drilling fluid flowing through back-
ward nozzles, L/s; and q2 is the volume flow of drilling fluid flowing
through forward nozzles, L/s.

Because of the working characteristics of the mud pump, there
are two working states according to the different drilling fluid
flows, and the power of the mud pump can be written as

Ps ¼


prQ ;Q <Qr
Pr;Q � Qr

(39)

where pr is the rated pressure of themud pump, MPa; Pr is the rated
power of the mud pump, kW; and Qr is the rated flow of the mud
pump, L/s.

Substituting Eqs. (2) and (39) into Eq. (37), the following
equation can be obtained:

Pbd ¼

8>><
>>:

M
1þM

�
prQ � KLQ

2:8
�
;Q <Qr

M
1þM

�
Pr � KLQ

2:8
�
;Q � Qr

(40)

By derivation, the optimal drilling fluid flow corresponding to
the maximum hydraulic power of the JMB can be written as

Qopt ¼min

 �
pr

2:8KL

	 1
1:8

;Qr

!
(41)

Based on Eq. (40), the jet hydraulic power curve of JMB can be
formed as shown in Fig. 12, revealing a maximum hydraulic power
point. When the drilling fluid flow is lower than Qopt, the increase
in output power of the mud pump exceeds the increase in power
loss during drilling fluid circulation, resulting in an increase in jet
hydraulic power. When the drilling fluid flow exceeds Qopt, the
increase in power loss during drilling fluid circulation is greater
than the increase in output power of the mud pump; hence, the jet
hydraulic power decreases.
4.2. Jet impact force of JMB

The jet impact force is defined as the total force of the jet on the
action area and is conducive to cleaning the bottom hole and
transporting cuttings. The jet impact force of the bit is written as
(Guan et al., 2021)



Fig. 12. Jet hydraulic power curve of JMB. Fig. 13. Jet impact force curve of JMB.

Fig. 14. Jet hydraulic power curves of JMB with different flow ratios M.
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Fj¼
rdQvj
1000

¼ C
ffiffiffiffiffiffiffiffiffiffiffi
20rd

p
100

Q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ps � KLQ1:8

q
(42)

where Fj is the jet impact force of the bit, kN; C is the nozzle flow
coefficient; rd is the density of the drilling fluid, g/cm3; ps is the
output pressure of the mud pump, MPa; and vj is the jet velocity of
the drilling fluid, m/s.

Because the JMB has two kinds of nozzles, the jet impact force
determined by Eq. (42) is the sum of the jet impact forces generated
by both kinds of nozzles. The following equation can be used to
calculate the jet impact force of the JMB:

Fjd ¼
Qmdvjd
1000

¼ rdq2vj
1000

(43)

where Fjd is the jet impact force of the JMB, kN;Qmd is themass flow
of the drilling fluid through the forward nozzles, kg/s; and vjd is the
velocity of the drilling fluid through the forward nozzles, m/s.

Substituting Eq. (2) into Eq. (43), the following equation can be
obtained:

Fjd ¼
M

1þM
rdQvj
1000

¼ M
1þM

Fj ¼
M

1þM
C

ffiffiffiffiffiffiffiffiffiffiffi
20rd

p
100

Q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ps � KLQ1:8

q
(44)

Considering the working characteristics of mud pumps, Eq. (44)
can be rewritten as follows:

Fjd ¼

8>>><
>>>:

M
1þM

C
ffiffiffiffiffiffiffiffiffiffiffi
20rd

p
100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
prQ2 � KLQ

3:8
q

;Q <Qr

M
1þM

C
ffiffiffiffiffiffiffiffiffiffiffi
20rd

p
100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PrQ � KLQ

3:8
q

;Q � Qr

(45)

By derivation, the optimal drilling fluid flow that corresponds to
the maximum jet impact force of the JMB can be written as

Qopt ¼min

 �
pr

1:9KL

	 1
1:8

;Qr

!
(46)

Based on Eq. (45), the jet impact force curve of the JMB can be
represented by Fig.13, which has the same changing rules as Fig.12.
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4.3. Parametric study of hydraulic cuttings cleaning capacity of JMB

Based on Eqs. (40) and (45), the hydraulic power and jet impact
power of the JMB can be described by the following functional
forms:

Pbd ¼ fbdðM; pr;KL;QÞ (47)

Fjd ¼ fjdðM;C; rd; pr;KL;QÞ (48)

In the actual drilling field, the adjustable parameters in Eqs. (47)
and (48) are the flow ratio M, pressure loss coefficient KL, and the
drilling fluid flow Q, where KL is dependent on the depth of the
well. In light of this, the effects of the flow ratio and well depth on
the hydraulic power and jet impact power of the JMB are investi-
gated in this section.
4.3.1. Effect of flow ratio
Based on Eqs. (40) and (45), Figs. 14 and 15 can be generated. It

can be observed that the hydraulic cuttings cleaning capacity



Fig. 15. Jet impact force curves of JMB with different flow ratios M. Fig. 17. Jet impact force curves of JMB at different well depths.
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decrease as the flow ratio M decreases since a decrease in M in-
dicates a decrease in drilling fluid flow through the forward noz-
zles.M only affects the value of hydraulic cuttings cleaning capacity
but not the optimal drilling fluid flow.

4.3.2. Effect of well depth
KL can be written as

KL ¼aDþ b (49)

where D is the well depth, m; and a and b are the specific co-
efficients, which can be determined based on drilling conditions.

Based on Eqs. (40) and (45), Figs. 16 and 17 are obtained for
different well depths. As the depth increases, the hydraulic loss
increases, and the hydraulic cuttings cleaning capacity decrease. In
addition, because of the constraint of themud pump's rated flowQr,
the optimal drilling fluid flow cannot exceed Qr.
Fig. 16. Jet hydraulic power curves of JMB at different well depths.
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5. Hydraulic optimization of JMB

The JMB has two types of hydraulic capacities: hydraulic
depressurization capacity and hydraulic cuttings cleaning capac-
ity. The objective of the hydraulic optimization of a JMB is to
maximize the overall performance of the JMB, which is defined as
simultaneously maximizing the hydraulic depressurization ca-
pacity and hydraulic cuttings cleaning capacity. By combining two
hydraulic models, the optimization objectives can be described as
maximizing the working efficiency and jet hydraulic power of the
JMB or maximizing the working efficiency and jet impact force of
the JMB.
5.1. Objective functions of hydraulic optimization

The working efficiency of the JMB can be written as

E¼ fE
�
M; r;R;Kju;Ks;Ktd; x

�
(50)

The jet hydraulic power and jet impact force of the JMB can be
written as

Pbd ¼ fbdðM; pr;KL;QÞ (51)

Fjd ¼ fjdðM;C; rd; pr;KL;QÞ (52)

According to Section 3.4.3, the density ratio r has a negligible
effect on the working efficiency of the JMB during drilling. The
frictional loss coefficients (Kju, Ks, and Ktd) depend on the surface
quality of flow channels, which cannot be adjusted during the
design process. The loss coefficient x depends on the target incli-
nation angle, which must be determined by striking a balance be-
tween JMB hydraulics and secondary cuttings crushing effect. The
M and R in Eq. (50) are therefore selected as control parameters for
the hydraulic optimization of the JMB.

The objective functions for maximizing the working efficiency
and jet hydraulic power of the JMB can be written as



Fig. 18. Process of hydraulic optimization of JMB.

Table 2
Parameters of JMB.

Parameter Value Parameter Value

Kju 0.15 q 40 deg
Ks 0.2 r 1
Ktd 0.38
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obj:

8>>>>>>>>><
>>>>>>>>>:

max E ¼ fEðM;RÞ ¼ M2 �MlþM

M2 þM þ l

max Pbd ¼ fbdðM;QÞ ¼

8>>><
>>>:

M
1þM

�
prQ � KLQ

2:8
�
;Q <Qr

M
1þM

�
Pr � KLQ

2:8
�
;Q � Qr

(53)

The objective functions for maximizing the working efficiency
and jet impact force of the JMB can be written as

obj:

8>>>>>>>>>><
>>>>>>>>>>:

max E ¼ fEðM;RÞ ¼ M2 �MlþM

M2 þM þ l

max Fjd

¼ fjdðM;QÞ ¼

8>>>><
>>>>:

M
1þM

C
ffiffiffiffiffiffiffiffiffiffiffi
20rd

p
100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
prQ2 � KLQ

3:8
q

;Q <Qr

M
1þM

C
ffiffiffiffiffiffiffiffiffiffiffi
20rd

p
100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PrQ � KLQ

3:8
q

;Q � Qr

(54)
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5.2. Constraints of hydraulic optimization

To ensure that cuttings can rise constantly with drilling fluid, the
flow of drilling fluid has a constraint of minimum (Altun and
Osgouei, 2014; Hemphill and Larsen, 1996; Ozbayoglu et al.,
2007), which is written as

Qa ¼ p
40

�
d2h �d2p

�
va (55)

va ¼18:24
rddh

(56)

where Qa is the minimal drilling fluid flow required to transport
cuttings, L/s; dh is the diameter of the wellbore, cm; dp is the
diameter of the cuttings particle, m; and va is theminimum annulus
velocity, m/s.

The excessive flow rate of drilling fluid through the annulus of
the throat may result in a cavitation effect (Gohil and Saini, 2014;
Shervani-Tabar et al., 2012), which is detrimental to the hydraulic
performance and structural integrity of the JMB. Cavitation de-
velops when the flow ratio exceeds the maximum flow ratio
(Kudirka and DeCoster, 1979), which is written as

Mc ¼1� R
R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p3

Icðp1 � p3Þ þ p3

r
¼1� R

R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p31

Icð1� p31Þ þ p31

r
(57)

p31 ¼
p3
p1

(58)

where Mc is the maximum allowed flow ratio before cavitation
occurs; and Ic is the empirical coefficient of cavitation, whose value
is typically 1.35.



Table 3
Drilling parameters.

Parameter Value Parameter Value

Density of drilling fluid rd 1.8 g/cm3 Plastic viscosity of drilling fluid mpv 0.1 Pa s
Diameter of borehole dh 21.6 cm Inner diameter of drill pipe dpi 10.86 cm
Outer diameter of drill pipe dpo 12.7 cm Constant B 0.51655
Inner diameter of drill collar dci 7.14 cm Outer diameter of drill collar dc 17.78 cm
Length of drill collar Lc 100 m Nozzle flow coefficient C 0.96
Length of high-pressure pipeline L1 451 m Inner diameter of high-pressure pipeline d1 11.2 cm
Length of riser L2 10 m Inner diameter of riser d2 13 cm
Length of hose L3 12 m Inner diameter of hose d3 13 cm
Length of kelly pipe L4 18 m Inner diameter of kelly pipe d4 12 cm
Rated pressure of mud pump pr 20 MPa Rated flow of mud pump Qr 40 L/s

Fig. 19. Curves of local optimal efficiency.

Fig. 20. Curves of local optimal pressure ratio.

Fig. 21. Curves of jet hydraulic power of JMB at different well depths.

Fig. 22. Curves of jet impact force of JMB at different well depths.
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Table 4
Optimal hydraulic parameters of JMB (maximizing working efficiency and jet hydraulic power).

Parameter Parameter value

Global optimal area ratio Ropt 0.23
Global optimal flow ratio Mopt 1.03
Global optimal efficiency Eopt 0.1918
Global optimal pressure ratio Popt 0.47
Well depth, km 1 2 3 4 5
Optimal drilling fluid flow Qopt, L/s 40 31.2 26.8 23.7 21.5
Optimal jet hydraulic power of JMB Pbd, kW 313.62 253.63 217.36 192.67 174.50
Diameter of backward nozzle du, mm 7.30 6.31 5.85 5.49 5.23
Diameter of forward nozzle dd, mm 7.41 6.40 5.94 5.57 5.31
Diameter of throat dt, mm 15.23 13.15 12.20 11.45 10.91

Table 5
Optimal hydraulic parameters of JMB (maximizing working efficiency and jet impact
force).

Parameter Parameter value

Global optimal area ratio Ropt 0.23
Global optimal flow ratio Mopt 1.03
Global optimal efficiency Eopt 0.1918
Global optimal pressure ratio Popt 0.47
Well depth, km 1 2 3 4 5
Optimal drilling fluid flow Qopt, L/s 40 38.6 33.1 29.3 26.5
Optimal jet impact force of JMB Fjd, kN 4.60 3.88 3.33 2.95 2.67
Diameter of backward nozzle du, mm 7.30 8.52 7.90 7.42 7.04
Diameter of forward nozzle dd, mm 7.41 8.65 8.02 7.53 7.14
Diameter of throat dt, mm 15.23 17.77 16.47 15.47 14.68
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In summary, the constraints of the hydraulic optimization of the
JMB can be written as

s:t:


Q � Qa
M � Mc

(59)
5.3. Process of hydraulic optimization of JMB

The equivalent diameter of nozzles can be written as (Guan
et al., 2021)

dne ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn1

i¼1

ðduÞi2 þ
Xn2

i¼1

ðddÞi2
vuut (60)

dne ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:081rdQ2

opt

C2Dpb

4

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:081rdQ2

opt

C2
�
pr � KLQ1:8

opt

�4

vuuut (61)

By considering that the JMB has two types of nozzles, Eq. (60) can
be written as

Xn1

i¼1

ðduÞi2 þM
Xn2

i¼1

ðduÞi2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:081rdQ2

opt

C2
�
pr � KLQ1:8

opt

�
vuuut (62)

where n1 is the number of backward nozzles, and n2 is the number
of forward nozzles.

When the number of forward and backward nozzles is equal, the
diameter of the nozzles can be calculated by the following
equations:
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du ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:081rdQ2

opt

C2ðpr�KLQ1:8
optÞ

4

r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1ð1þMÞp (63)

dd ¼
ffiffiffiffiffi
M

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:081rdQ2

opt

C2ðpr�KLQ1:8
optÞ

4

r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n1ð1þMÞp (64)

The hydraulic optimization process of the JMB is shown in
Fig. 18.

5.4. Case study

In this section, drilling field data are utilized for the hydraulic
optimization of the JMB. The JMB parameters are listed in Table 2.

Well Jiaoye31-S1HF is a shale gas well with a long horizontal
interval in Chongqing, China. This well has the problem of low ROP
because of hard formation and cuttings bed, and the JMB is ex-
pected to address these problems. The drilling parameters of the
Jiaoye31-S1HF well are listed in Table 3 and are used to optimize
the hydraulics of the JMB.

Based on Eqs. (32) and (33), by using the parameter values in
Table 2, the hydraulic depressurization parameters of the JMB are
calculated and shown in Figs. 19 and 20. The global optimal pres-
sure ratio Ropt is 0.23, the global optimal flow ratio Mopt is 1.03, the
global optimal efficiency Eopt is 0.1918, and the global optimal
pressure ratio Popt is 0.47.

Assuming that the maximum range of p31 is (0.6, 1), when p31 is
substituted into Eq. (57), the maximum range of Mc is (2.17, 3),
which is plainly bigger than the global optimal pressure ratio Mopt
(1.03). Thus, the aforementioned optimization results are
appropriate.

By substitutingMopt into Eqs. (40) and (45), the curves of the jet
hydraulic power and jet impact force of the JMB can be obtained as
depicted in Figs. 21 and 22, as well as the corresponding Qopt.

According to Eqs. (55) and (56), the minimum drilling fluid can
be calculated as

va ¼ 18:24
1:8� 21:6

¼ 0:47 m
�

s (65)

Qa ¼11:27 L=s (66)

The optimal drilling fluid flows at different well depths are
bigger than the minimal drilling fluid Qa, which meets the drilling
fluid flow limitation, as indicated in Eq. (59).

Moreover, by substituting Qopt into Eqs. (63) and (64), the sizes
of the forward and backward nozzles can be determined. The
optimal hydraulic parameters of the JMB can be obtained according
to the hydraulic optimization method, as shown in Tables 4 and 5.
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6. Conclusions

In this paper, the hydraulics of the JMB were studied by
considering the characteristics of depressurization and cuttings
cleaning. Good performance of the JMB is not inseparable from
good hydraulic depressurization capacity and good hydraulic cut-
tings cleaning capacity. Therefore, the hydraulics of the JMB require
a comprehensive analysis of these two hydraulic capacities.

A hydraulic depressurization model of the JMB was developed
based on jet pump theory, and the pressure ratio and efficiency
were chosen as the evaluation parameters of the depressurization
capacity. Parametric study results showed that an increase in the
friction loss coefficients and target inclination angle causes a sig-
nificant reduction in the hydraulic depressurization capacity, and
the effect of ROP is negligible. The optimal area ratio and optimal
flow ratio can be determined by hydraulic characteristic curves that
are drawn based on the hydraulic depressurization model.

A hydraulic cuttings cleaning model of the JMB was developed
based on the theories of jet hydraulic power and jet impact force.
Parametric study results showed that the flow ratio is positively
related to the hydraulic cuttings cleaning capacity, and the well
depth determines the maximum hydraulic cuttings cleaning ca-
pacity. The optimal drilling fluid flow corresponding to the
maximum cuttings cleaning capacity can be calculated according to
the given methods.

By combining the hydraulic depressurization model and hy-
draulic cuttings cleaning model, an optimization method of JMB
hydraulics was proposed to simultaneously maximize the depres-
surization capacity and cuttings cleaning capacity. According to the
given optimization procedure, the optimal values of the drilling
fluid flow, backward nozzle diameter, forward nozzle diameter, and
throat diameter can be calculated. The above work will provide
guidance for the optimization and application of the JMB.
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