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ABSTRACT: The annulus has a wide and narrow clearance due to casing eccentricity in
the cementing process and due to the eccentricity of casing in the process of cementing.
Because the flow resistance of the drilling fluid in the wide gap is less than that in the
narrow gap, the phenomena of a delayed flow or even an overall nonflow occurs in the
narrow gap. Based on the existing displacement efficiency calculation model, this paper
establishes the cementing displacement efficiency model under the condition of oil-based
drilling fluid, explores the residual layer thickness of drilling fluid on the casing side and
the sidewall side, and then links the annular displacement efficiency to the injection
displacement in combination with the circulating mode resistance pressure drop formula
so as to explore the change in the cementing displacement efficiency under different
displacements. Considering the change in the physical parameters of annulus fluid, the
change in annulus displacement efficiency is obtained. On this basis, the relationship
between the wellhead cement injection flow and the annulus retention layer is studied;
then, the displacement is calculated. The reasonable cementing displacement is calculated by combining the displacement with
annulus displacement efficiency. The results show that the thickness of the annular detention layer increases with the increase in the
casing eccentricity in the same well depth, and the growth rate of the detention layer on the wellbore side is greater than that on the
casing side at the same circumferential angle. The greater the displacement, the greater the annular circulation pressure drop and
circulation equivalent density, thus increasing the cementing risk. The displacement is reasonably designed. The research results in
this paper have a certain guiding significance for improving the displacement rate of isolation fluid under oil-based drilling fluid
conditions.

1. INTRODUCTION
Oil-based drilling fluid has many advantages, such as stable
performance, strong antipolluting ability, and strong inhibition,
and is widely used in China. The cementing quality under this
condition is greatly affected by the effectiveness of the isolation
fluid.1−4 Cementing displacement has always been a difficulty
and key point in cementing research.5−7 For more than half a
century, scholars around the world have performed systematic
and in-depth studies on the mechanism and process of cement
injection displacement.8

The specific research contents can be summarized from the
point of view of three aspects: theoretical analysis of displace-
ment mechanism, experimental research, and numerical
simulation. Mahmoud9 and others put forward the critical
dynamic shear force through theoretical research and pointed
out that reducing the static shear force of drilling fluid and
increasing the slurry density difference could improve the
cement slurry displacement effect. Parker10 and others observed
that the drilling fluid retained at the hole diameter enlargement
can be effectively replaced by a low-speed plug flow. Haut et
al.11−13 concluded that the displacement effect of cement slurry
was affected by mud cake state and drilling fluid. In addition,
they also put forward the concept of the nonflow coefficient of

the drilling fluid. Zhang et al.14 summarized the latest
achievements of cement injection displacement technology in
the West at that time.
The mechanism and technology of cement injection displace-

ment, the influence of cement slurry performance, and the
rheology of the displacement effect were also introduced in
detail elsewhere. Many scholars have also made a systematic
study of the flow law of eccentric annulus.15 Heyda16 studied the
axial velocity field of the Newtonian fluid in eccentric annuli by
using Green’s function method. Redberge17 used the above
method to solve the dimensionless flow distribution of the axial
stable laminar flow of Newtonian fluid. Vaugh et al.18 treated the
eccentric annulus into a variable height channel and studied the
axial steady laminar flow distribution of the power-law fluid.
Iyoho and Azar19 improved the calculation method of the
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groove height. Tosun20 applied Iyoho’s method to the flow
calculation of Newtonian and non-Newtonian fluids. Robert-
son21 analyzed the axial flow law of the Bingham fluid in the
narrow gap of an eccentric annulus. Beirut22 studied the flow
characteristics of the elastic−plastic fluid in eccentric annuli.
Cloud23 and others used a two-dimensional model to deduce the
velocity variation and particle migration law of slurry in an
eccentric annulus in wide and narrow gaps.
In the cementing process, due to casing eccentricity, wide and

narrow gaps are generated in the annulus. Since the flow
resistance received by the drilling fluid in the wide gap is less
than that in the narrow gap, the retention phenomenon of a
delayed flow or even an overall no flow occurs in the narrow
gap.24−26 Both the isolation fluid and the drilling fluid are non-
Newtonian fluids. They do not flow as a whole but flow in layers
along the annulus direction. The shear stress between the flow
layers of the same fluid is a kind of resistance.
This resistance is related to the viscosity density and other

properties of the fluid. The higher the flow rate, the smaller the
interlayer shear stress. The lowest interlayer resistance
corresponds to the position with the maximum velocity.27−29

When two fluids with different properties are replaced, the shear
stress of the displaced fluid is the driving force that causes the
fluid to flow. At the interface of the fluid contact, the closer the
fluid is to the outer layer, the greater the shear stress.30−32

In this paper, the efficiency of the spacer fluid to replace the
drilling fluid is analyzed. It is necessary to analyze the
displacement boundary. The displacement efficiency can be
calculated according to the thickness of the retained layer at the
annulus boundary and the penetration degree of the displace-
ment fluid. According to the displacement interface model,
reasonable measures to improve the displacement efficiency and
reduce the retention of drilling fluid can also be calculated.
Therefore, it is of great significance to analyze the retention of
drilling fluid for studying the efficiency of the cement slurry to
displace the drilling fluid.

2. REPLACE THE MATHEMATICAL MODEL
2.1. Casing Eccentricity Calculation Model. As shown in

Figure 1, if the casing of d(2r) is run into the hole with a

diameter D(2R), its eccentricity =OO . Due to casing
eccentricity, the gap =h AB at different positions changes.
The casing eccentricity can be expressed by eccentricity e

=e R r/( ) (1)

The clearance y of each position in eccentric annulus space
can be expressed as follows

= = +y O A O B R rcos sin2 2 2
(2)

Therefore, in the above formula,ϕ scope is 0 and π. The width
of the widest and the narrowest gap in the eccentric annulus can
be obtained as follows

= = +y R r R r e( ) (1 )w (3)

= =y R r R r e( ) (1 )n (4)

2.2. Boundary Calculation Model of the Displacement
Detention Layer. To analyze the efficiency of the spacer fluid
to replace the drilling fluid, it is necessary to analyze the
displacement boundary. The displacement efficiency can be
calculated according to the thickness of the retained layer at the
annular boundary and the penetration degree of the displace-
ment fluid. According to the displacement interface model,
reasonable measures to improve the displacement efficiency and
reduce the retention of drilling fluid can also be calculated.
Replacing the drilling fluid with the spacer fluid is a very

complex process because both of them are non-Newtonian
fluids. Very complex physical and chemical phenomena occur at
the displacement interface.33,34 To simplify the study, the
following assumptions are made:
(1) The isolation fluid is in direct contact with the drilling

fluid.
(2) Both the drilling fluid and the spacer fluid are Bingham

fluids, and there is no wall slip in the process of
displacement.

(3) The influence of mixing, diffusion at the interface, and
chemical action after the contact of the isolation fluid and
the drilling fluid on displacement flow are ignored.

Figure 1. Eccentric annulus diagram.
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(4) The effect ofmud cake on the performance of drilling fluid
at the sidewall is not considered (the properties of drilling
fluid are rheology, water loss, plastic viscosity, dynamic
shear force, etc).

Figure 2 is the profile map of the annular spacer fluid
displacement at a certain time, where r is the inner diameter of
the annulus,R is the outer diameter of the annulus, rc is the inner
diameter of the flow core, Rc is the outer diameter of the flow
core, rs and Rs are the interfaces between the spacer fluid and the
drilling fluid at a certain time, rs′ and Rs′ are any positions in the
drilling fluid layer near the casing side and near the wellbore
once, respectively, and θ is the profile angle.
If the distance from any point in the annulus to the center of

the borehole is r, then the equation of fluid flow in the annulus
can be obtained according to fluid mechanics

+ + +

= + + +
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where ur is the radial velocity, m/s; uz is the axial velocity, m/s;
uφ is the circumferential velocity, m/s; ρ is the fluid density, g/
cm2; τrz is the longitudinal dynamic shear force, Pa; uφz is the
circumferential dynamic shear force, Pa; and g is the acceleration
of gravity, m/s2.
Due to the axial fluid displacement, there are

= =u u0, 0r (6)

Because it is a stable system and uniform flow

= = =uz
t

uz
z

rz
z

0, 0, 0
(7)

r rz( )
r r
1 is a very small quantity relative to other quantities and
can be regarded as 0. Therefore, formula (5) can be rewritten as
follows

+ =t
r r

P
z (8)

The partial differential equation shown in eq 8 is transformed
into an ordinary differential equation and solved

= +r
P
L

c
r

1
2 (9)

where c is an arbitrary constant.
According to the rheological properties of the Bingham fluid,

it can be seen that at the boundary of the flow core

| == =r r R HBcc c (10)

where τHBc is the Heba fluid shear stress.
It can be seen from the above equation that the shear stress

distribution of the Bingham fluid in the annulus is as follows
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The relationship between the width of flow core, pressure
drop, and dynamic shear force is as follows

=P
L

R r( ) 2c c 0 (13)

The cementing process is a process in which the isolation fluid
replaces the drilling fluid and occupies the annulus. The
displacement starts from the most prominent flow core, that is,
the position with the maximum flow velocity. With the process
of jacking, the displacement interface begins to expand until the
displacement power and the yield stress of the drilling fluid reach
a mechanical balance, that is, the driving force of the isolation
fluid at this position is not enough to overcome the yield of the
drilling fluid itself. The stress causes the fluid to flow. At this
moment, the displacement interface forms a stable displacement
boundary, and the annulus is filled with the isolating fluid to the
maximum extent. At this time, the replacement efficiency is the
highest. The replacement process is shown in Figure 3.
The microelement of the drilling fluid with an angle of Δθ

when the displacement interface near the casing side is not stable
is taken as the analysis object. Although the drilling fluid has not
yet been replaced by the isolation fluid, it is affected by the
displacement pressure, interfacial shear stress, buoyancy caused
by the density difference between the two fluids, and its own
bending stress.
The microelement of drilling fluid layer with a height of dl is

between rs and rs′. The mechanical model is shown in Figure 3.
The displacement pressure is F1, the buoyancy caused by density
difference is F2, the shear stress caused by the isolation fluid flow
is the displacement force F3, and the yield stress of the drilling
fluid itself is the flow resistance F4.

Figure 2. Profile of the annular spacer displacement.
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Using an oil-based drilling fluid, new requirements for
cementing technology are put forward. Oil-based drilling fluid
is different from the general water-based drilling fluid. In the
formation, because the oil-based drilling fluid contacts with the
formation for a long time, the wettability of the formation is
reversed, and some or more rock surfaces are lipophilic. The
replacement of the drilling fluid with the spacer fluid is affected
not only by gravity and friction but also by the interfacial tension
because the wetting contact angle is less than 90°.
For an oil-based drilling fluid, there is an additional adhesion

during the displacement process, and its expression is shown in
Figure 4.

In this case, S is the cross-sectional area of microelements, m2;
τ0 is the shear stress of the drilling fluid at rs, Pa; S1 is the inner
wall surface area of the microelement, m2; S2 is the surface area
of the outer wall, m2;ΔP/ΔL is the driving pressure gradient; ρm
is the density of the drilling fluid, g/cm3; and ρg is the density of
the isolation fluid, g/cm3.
According to the shear stress distribution of the fluid flowing

in the annulus, the displacement pressure F1 produced by the
isolation fluid flow on the displacement interface of the drilling
fluid in contact with it is

= =F P
L

S P
L

r r l1
2

( ) d ds s1
2 2

(14)

The buoyancy force F2 produced by density difference is

=F r r g l
1
2

( ) d ds s2
2 2

(15)

The wall shear force F3 produced by the flow of spacer fluid on
drilling fluid is
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(16)

The wall shear stress F4 hindering the flow in the drilling fluid
is

=F r ld ds4 1 (17)

When the oil-based drilling fluid is in contact with the
wellbore rock for a long time, the wettability of the rock on the
wellbore surface may be reversed. Then, the contact angle
between the oil-based drilling fluid and the rock is less than 90°,
which shows that it is lipophilic or strongly lipophilic. In the
cementing process of the conventional drilling fluid, the
influence of the adhesion caused by wettability in the process
of displacement is very small because the wettability of the
conventional drilling fluid is consistent with that of the spacer
fluid; compared with the slight effect of adhesion on the
displacement of conventional drilling fluid, the wettability
reversal of the rock shows lipophilicity, which has a greater
impact on the displacement of the oil-based drilling fluid.
When θ < 90°, the rocks are lipophilic.33,34 In the process of

displacement, the drilling fluid near the wellbore suffers an
additional resistance, adhesion F, which is named F5 in this
paper.

=F cos5 (18)

where γ is the interfacial tension, mN/m, and β is the wetting
contact angle,°.
According to the mechanical equilibrium, F1+F2+F3 = F4+F5.

It can be concluded that the shear stress in rs is

= + +
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(19)

It can be seen from eq 19 that the shear stress τ1 of the drilling
fluid close to the casing wall is related to the boundary position rs
and the microelement location rs′.
The retention mechanism of the drilling fluid can be obtained

here because both the displacing fluid and the displaced fluid are
non-Newtonian fluids and stratified flow occurs during the flow,
resulting in the fluid flow at the displacement boundary. As the
displacement interface expands toward the boundary, the shear
stress on the drilling fluid at the boundary decreases. When the
shear stress is less than the yield stress of the drilling fluid, the
displacement interface stops expanding. This results in the
formation of a stable displacement boundary. This in turn results
in no flow of the drilling fluid and the formation of a drilling fluid
retention layer at the wellbore.
2.3. Research on the Calculation Model for Displace-

ment Boundary Position. 2.3.1. Calculation Model for
Boundary Position of Displacement Interface at One Side of
Casing. As can be seen from the above formula, the smaller the
rs, the larger the τ1; that is, the drilling fluid layer out of the casing

Figure 3. Displacement interface changes with time.

Figure 4. Force diagram of an oil-based drilling fluid.
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bears the maximum shear stress. Therefore, the drilling fluid at
the casing should flow first if the drilling fluid is to flow.
However, in the actual displacement process, the drilling fluid at
the casing does not flow first because the fluid always flows from
the position where there is the least resistance before the force is
transferred to the casing. The shear stress of the drilling fluid
layer at the displacement interface rs′ is greater than its dynamic
shear stress, so it is necessary to redefine rs′ and conduct a new
stress analysis. Therefore, with the increase in displacement
contact time, the displacement boundary gradually extends from
the position of maximum velocity in the annulus to both sides,
the interface between the isolation fluid and the drilling fluid
gradually expands, and the shear stress of the drilling fluid at the
annulus boundary gradually decreases until it is equal to the
dynamic shear force of the drilling fluid τ0, namely,

=1 0 (20)

At this time, the displacement interface is stable. Because the
drilling fluid cannot overcome its own viscous force, the
displacement interface does not expand, forming a stable
displacement boundary, and the drilling fluid from the
displacement boundary to the casing is truly retained. According
to the equilibrium condition in which the displacement interface
is stable in the process of displacing drilling fluid with the
isolation fluid, the boundary of the casing out of the retained
layer can be obtained as follows

=
+ ×

+r
r r R r r

g g
r

2 2 10 cos ( )
s

P
L c c

g m

0
3 2

2

(21)

The thickness of the retained layer at the casing is

=

=
+ ×

+

h r r

r r R r r

g g
r

r

2 2 10 cos ( )

s

P
L c c

g m

0
3 2

2

(22)

2.3.2. Calculation Model for Boundary Position of
Displacement Interface on One Side of Wellbore. According
to the analysis results of the casing wall, the mechanical
equilibrium equation of the wellbore is as follows.
The displacement pressure F1 of microelements is

= =F P
L

S P
L

R R l1
2

( ) d ds s2
2 2

(23)

The buoyancy force F2 produced by density difference is

=F R R g l
1
2

( ) d ds s2
2 2

(24)

The wall shear force F3 produced by the flow of spacer fluid on
drilling fluid is

= = = +
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The wall shear stress F4 hindering the flow in the drilling fluid
is

=F R ld ds4 1
2

(26)

The adhesion force of drilling fluid F5 near the wellbore is

=F cos5 (27)

According to the mechanical equilibrium, F1+F2+F3 = F4+F5.
The boundary of RS is obtained as follows

=
×

+R
R R r R R

g g
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( ) 2 2 10 cos
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(28)

The thickness of the retained layer at the wellbore is

= =

×
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H R R R

R R r R R
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2
0
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2
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2.4. Displacement Efficiency Calculation of the Oil-
Based Drilling Fluid. According to the borehole geometry, the
displacement efficiency of the profile and the overall displace-
ment efficiency of the annulus interface under different
circumferential angles can be deduced. In other words, the
displacement efficiency of the profile ηθ at any circumferential
angle is

= R r
R r

( )
( )

s s
2 2

2 2 (30)

The displacement efficiency on the cross-sectional area of the
whole annulus is

=
R r

R r

( ) d

( ) d

s s0

2 2 2

0

2 2 2
(31)

The annular friction pressure drop formula of the Bingham
fluid can be expressed as follows
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It can be seen from the above formula that

=
+
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Through the above two formulas, the relationship between
the amount of spacer and the displacement efficiency can be
established.
This section analyzes the influence of casing eccentricity on

jacking efficiency, establishes the model, and analyzes that the
displacement boundary is essential. The displacement efficiency
in the cementing process can be calculated according to the
thickness of the retention layer at the annulus boundary and the
penetration degree of the displacement fluid. The reasonable
measures to improve the displacement efficiency and reduce the
retained drilling fluid can also be calculated according to the
displacement interface model.
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3. RESULTS AND DISCUSSION
In this paper, the calculation data are from a well in the field.
According to the field cementing operation process, the
influence of displacement efficiency of the spacer fluid under
oil-based drilling fluid conditions is analyzed. Table 1 shows the
field basic parameters used for simulation calculation.
3.1. Relationship between Casing Eccentricity and

Borehole Circumferential Angle.After studying the relation-
ship among the annulus radius, annular space gap, and borehole
circumferential angle under the condition of different casing
eccentricities from Figure 5a,b, it can be seen that the annulus
radius and the annular space gap at 0 and 2 π gradually increase
with the increase in casing eccentricity, while the annulus radius
and annular space gap at π gradually decrease. Therefore, the
ratio of the annular space gap width becomes larger and larger
with the increase in eccentricity, which affects the fluid velocity
and pressure drop distribution in the narrow and wide areas and
affects the displacement efficiency.
It can be seen from Figure 5c that when the casing is not

eccentric, the circulating friction pressure drop in the annular
section of the well is uniformly distributed along the
circumferential angle of the well. As the eccentricity increases,

the friction pressure drop at 0 and 2π decreases due to the larger
annular space gap at 0 and 2 π and the friction pressure drop at π
increases due to the small annular space gap at π. Therefore, the
annular space clearance is the main factor affecting the annular
friction pressure drop.
3.2. Effect of Drilling Fluid Retention Zone. In the

process of cementing, the annular space is wide and narrow
because of casing eccentricity. The phenomenon of delayed flow
or even overall nonflow occurs in the narrow gap because the
flow resistance received by drilling fluid at the wide gap is less
than that at the narrow gap.
It can be seen from Figure 6 that under the condition of

isolating fluid displacement of 23 L/s, the thickness of the
retention layer at the casing side and well wall side also increases
with the corresponding increase in casing eccentricity. The
thickness of the retention layer at the borehole side is greater
than that at the casing side. In addition, under different
eccentricity conditions, the thickness of the retained layer is the
thinnest when the hole circumferential angle is 0 and 2 π, and the
maximum thickness is found when the circumferential angle is π.
According to the pressure distribution diagram of the annulus
interface, the pressure is the highest when the circumferential

Table 1. Basic Parameters of Simulation

parameter name numerical unit parameter name numerical unit

well depth 5000 m drilling fluid density 2.2 g/cm3

construction displacement 0.033 m3/min plastic viscosity of drilling fluid 0.053 Pa.s
density of isolation fluid 2.42 g/cm3 dynamic shear force of drilling fluid 9.47 Pa
injection temperature 20 °C construction time 120 min
plastic viscosity of isolation fluid 0.053 Pa.s isolation hydraulic shear force 13.4 Pa
casing radius 244.5 mm well diameter 311.12 mm

Figure 5. Relationship between annular radius, annular space gap, annular friction, and wellbore circumferential angle.
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angle is 0 or 2 π and it is the lowest when the circumferential
angle in π. The high-pressure point causes the annular fluid to
pass through the section better. Therefore, the thickness of the
retained layer on the wellbore and casing side is inversely
proportional to the annular pressure.
Figure 7 shows the relationship between the thickness of the

remaining layer with different casing eccentricity delays under
the condition of isolation fluid displacement of 33 L/s. From the
figure, it can be seen that there is no retained drilling fluid on the
casing wall in the 0 and 2 π directions, while there is a part of
retained drilling fluid in the π direction. With the increase in
casing eccentricity, the thickness of the retained drilling fluid
continues to increase when the circumferential angle is π.
Compared with the retention thickness under the condition of
displacement of 23 L/s, the thickness of the retention layer will
be significantly lower at 33 L/s.
Figure 8 shows the relationship between the thickness of the

remaining layer with different casing eccentricities and time
delays under the condition of isolation fluid displacement of 43
L/s. It can be seen from the figure that when the casing
eccentricity is 1%, there is almost no retained drilling fluid on the
casing side; when the eccentricity is 20%, there is no retained
drilling fluid in the circumferential angle direction of other wells
except for the retained drilling fluid on the casing wall at 120−
240°. At the same time, the drilling fluid retained on the casing
side increases with the increase in casing eccentricity, and the
thickness of the drilling fluid retained on the sidewall increases
gradually. However, the retained thickness is less than that at 33
L/s. Therefore, under downhole conditions, displacement

pressure drop also increases with the increase in drilling fluid
displacement, which is helpful in improving the displacement.
3.3. Influence of Isolation Fluid Displacement. In the

process of cementing operation, the annular circulation pressure
drop and circulation equivalent density also increase signifi-
cantly when the displacement is larger, which increases the
cementing risk.
Figure 9 shows the relationship between casing eccentricity

and displacement efficiency, annular circulation pressure drop,
and annular equivalent circulation density under different
displacements. Figure 9a shows that under the condition of
the same eccentricity, the displacement efficiency improves with
the increase in drilling fluid displacement; at the same time, the
annular displacement efficiency gradually decreases with the
increase in casing eccentricity under the same displacement.
Therefore, the displacement efficiency can be improved by
increasing the injection displacement. However, it can be seen
from Figure 9b that the annular circulation friction pressure
drop and the wellbore equivalent circulation density increase
with the increase in injection rate. It can be seen from Figure 9c
that the model pressure drop in the annulus increases
exponentially when the displacement of the spacer fluid
increases by 10 L/s. for low-pressure and easily lost circulation
formations, cementing risks and downhole complications will
occur. Therefore, it is necessary to design displacement under
reasonable conditions.
3.4. Influence of Drilling Fluid Dynamic Shear Force. In

this paper, the dynamic shear force of the isolation fluid is 13.4
Pa, while that of the drilling fluid is 9.47 Pa. By changing the
dynamic shear force of the drilling fluid, the relationship

Figure 6. Thickness of the drilling fluid retained in the wellbore and casing under different casing eccentricity conditions with the displacement of 23
L/s.
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between the dynamic shear force of the drilling fluid and the
displacement efficiency is obtained. By increasing or decreasing

the dynamic shear force of drilling fluid, it can be seen that the
dynamic shear force of the drilling fluid changes linearly with the

Figure 7. Thickness of the drilling fluid retained in wellbore and casing under different casing eccentricity conditions with the displacement of 33 L/s.

Figure 8.Thickness of the drilling fluid retained in wellbore and casing under different casing eccentricity conditions when the displacement is 43 L/s.
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displacement efficiency. It can be seen from Figure 10 that when
the casing eccentricity is 10%, the greater the dynamic shear

force, the lower the displacement efficiency and the smaller the
dynamic shear force, the higher the displacement efficiency.
Therefore, displacement efficiency and cementing quality can be
improved by adjusting the performance of the drilling fluid.
3.5. Influence of Isolation Fluid Density.The densities of

the isolation and drilling fluids are set as 2.2 and 2.42 g/cm3,
respectively. Figure 11 shows the relationship between the
density of spacer fluid and displacement efficiency when the
casing eccentricity is 10%. It can be seen from the figure that the
displacement efficiency increases with the increase in spacer
density and decreases with the decrease in spacer density.
Therefore, the displacement efficiency can reach 90% when the
density difference is 0.2 g/cm3 and decreases significantly when
the density difference is lower than 0.2. Therefore, the density
difference between the spacer fluid and the drilling fluid has an

important influence on the displacement efficiency of cement
injection.

4. CONCLUSIONS
On the basis of a large number of literature research and analysis,
this paper explores the distribution of wellbore circulating
friction and pressure drop under eccentric annulus. Based on the
existing displacement efficiency calculation model, the cement-
ing displacement efficiency model under the condition of oil-
based drilling fluid is established. The thickness of the retained
layer of the drilling fluid at the casing side and the well wall side is
explored. Then, the annular displacement efficiency is found to
be related to the injection displacement using the circulation
resistance pressure drop formula. By exploring the change in the
cementing displacement efficiency under different displace-
ments and considering the change in the physical parameters of

Figure 9. Relationship among casing eccentricity and displacement efficiency, annular circulation pressure drop, and annulus equivalent circulation
density under different displacements.

Figure 10. Relationship between drilling fluid dynamic shear force and
displacement efficiency when the casing eccentricity is 10%.

Figure 11. Relationship between the density of spacer fluid and the
displacement efficiency when the casing eccentricity is 10%.
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annulus fluid, the change in the annular displacement efficiency
is obtained. Some conclusions are drawn as follows:

1. The thickness of the annular holdup layer is obviously
increased with the increase in the casing eccentricity in the
same well depth. The growth rate of the retained layer on
the wall side is greater than that on the casing side at the
same circumferential angle. At the same well depth, the
thickness of the retained layer at the casing side is smaller
than that at the wall side. The thickness of the retained
layer at the displacement interface decreases with the
increase in the injection rate. The variation range of the
casing side under the same circumferential angle is greater
than that of the sidewall.

2. The thickness of the annulus retention layer has little
difference between the 33 L/s isolation fluid displacement
and the 43 L/s isolation fluid displacement, both of which
are significantly less than the 23 L/s displacement.
Therefore, the recommended on-site flushing displace-
ment is 33 L/s.

3. Compared with the noncirculating drilling fluid, circulat-
ing drilling fluid before cementing can improve the
displacement efficiency, increase the circulation time of
the drilling fluid, and improve the cementing displace-
ment efficiency. However, the improvement effect is not
obvious. The annular displacement efficiency distribution
is consistent with the dynamic plastic ratio of the drilling
fluid.

4. The displacement efficiency reaches 95% when the
density difference between the isolation fluid and the
drilling fluid is 0.4 g/cm3 but reaches 92% when the
dynamic shear difference is 4 Pa.
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