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Abstract: To guarantee that the cement sheath has a sealing effect, it is best to replace the drilling
fluid entirely and fill the annulus with cement slurry throughout the cementing process. A significant
driving power and high stability at the interface between the cement slurry and drilling fluid are
often necessary for achieving a high displacement efficiency. It is important that a comprehensive
theoretical characterization is established on the thickness and location of drilling fluid retention
and the conditions to prevent the formation of drilling fluid retention. In this study, firstly, the
characteristics of annulus fluid shear stress distribution are analyzed by establishing the differential
equation of shear stress distribution. Subsequently, the calculation model of the drilling fluid
retention layer’s thickness is constructed. Subsequently, the impact of cement slurry and drilling
fluid properties, eccentricity of the casing, and additional variables on the annular wall’s drilling
fluid retention thickness are scrutinized. The quantitative conditions for preventing drilling fluid
retention are also analyzed (i.e., Equation (23)). Based on the newly developed model, a case study
is conducted to show the significance of the new model. This offers a theoretical foundation for
enhancing cement injection displacement efficiency and cementing performance optimization.

Keywords: cementing; displacement interface; theoretical modeling; drilling fluid retention layer; thickness

1. Introduction

Cementing of oil and gas wells is the last working procedure in the drilling process,
while it is the key process to connect drilling and oil production [1,2]. In order to support
the casing and seal the permeable formation layer outside the casing, cement slurry is
injected into the annulus between the formation and the casing during the cementing
process [3]. The quality of cementing is not only closely related to drilling quality before
cementing, but also has a great impact on subsequent well testing and oil production [4],
which will exert a significant effect on the service life of the oil well. When the drilling fluid
is replaced by cement slurry in an oil well, it is ideal that the drilling fluid is completely
replaced and the annulus is filled with cement slurry, which is the basic premise to ensure
the sealing effect of cement sheath [5,6].

During cement displacement, the instability of the displacement interface can lead
to the drilling fluid being trapped in the annulus [7]. In addition, due to the insufficient
driving force for displacing drilling fluid, the cement slurry protrudes along the center
of annular space, forming a drilling fluid retention layer on the well wall and casing
wall [8]. The displacement process starts from the center of annulus gap and gradually
extends to both sides [9]. When the displacement interface develops to the annular wall, the
displacement efficiency reaches its maximum. However, drilling fluid is generally a fluid
with yield characteristics [10]. Prior to reaching the wall, if a stable displacement interface
is created through the interaction of cement slurry displacement force and resistance, the

Processes 2024, 12, 1176. https://doi.org/10.3390/pr12061176 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr12061176
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr12061176
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12061176?type=check_update&version=2


Processes 2024, 12, 1176 2 of 16

drilling fluid between this interface and the annulus wall will be trapped [11], resulting
in the formation of a layer that retains drilling fluid. The retained drilling fluid affects
the performance of cement slurry, and even leads to micro fractures at the two interfaces,
providing a favorable channel for fluid channeling [12].

There are established guidelines for use in fluid displacement processes, but there
is room for improvement as there are still issues causing ineffective displacement and
cement contamination. It is important to pinpoint the technology gaps that need to be
addressed in order to enhance cement placement procedures [13]. Various studies have
examined how the rheological properties of the fluids being displaced and the displacing
fluids impact each other [14,15]. The studies suggest that a high viscosity ratio between the
displacing fluid and the displaced fluid improves the displacement process. Additionally,
it is important for the mud’s gel strength to be low so that the gelled mud can break down
and be removed from the narrow side of the annulus. Furthermore, the yield stress of
the mud and spacer should be kept low to avoid getting stuck in the narrow side. The
industry recognizes that for effective displacement, the displacing fluid should be denser
than the displaced fluid. It was noted that the buoyant force resulting from the density
contrast between drilling fluid and cement has a lesser impact on mud displacement than
anticipated. This finding was also observed by Haut et al. [16], who discovered that increas-
ing the density difference did not enhance displacement efficiency due to the immobility
of the drilling fluid. Conversely, some studies have suggested that using a displacing
fluid with higher density than the displaced fluid can improve the cementing process and
displacement efficiency. For instance, Kroken et al. [17] demonstrated that a greater density
contrast between the displacing and displaced fluids in inclined wells and low flow rates
can enhance the buoyancy of the displaced fluid, facilitating a vertical flow of the heavier
fluid from the wider annular side at the top to the narrower side at the bottom, thereby
increasing displacement efficiency. Theoretical research could be further enhanced to offer
insights into potential challenges associated with optimizing the design of fluids prior to
cementing operations [18,19]. An ideal model should be comprehensive, enabling consider-
ation of all relevant factors, accurate prediction, and efficient computation. While analytical
models, based on specific assumptions and simplifications, are computationally efficient,
they may not capture the complexities of flow dynamics in intricate scenarios. Conversely,
numerical models, while providing detailed solutions, often entail high computational
expenses. For example, experimental setups may not replicate annular gap ratios observed
in field conditions. Consequently, analytical and semi-analytical approaches are increas-
ingly preferred due to the prolonged computational time required by three-dimensional
numerical methods for calculating displacements at actual scales. Reducing and eliminat-
ing the retained layer of drilling fluid on the annulus wall can prevent the formation of
micro fractures between the cement sheath and the primary and secondary interfaces of the
annulus, and effectively improve the cementing quality [20]. At present, there is a lack of
systematic and quantitative research on the thickness and location of drilling fluid retention
and the conditions to prevent the formation of drilling fluid retention, though there are a
number of papers on modeling the displacement efficiency of cementing [10–12].

In order to improve the cementing displacement efficiency and provide a theoretical
basis for optimizing the cementing performance, the conditions for drilling fluid retention
are studied based on laminar flow displacement in this study. The calculation model for
the thickness of the drilling fluid retention layer is established, and the thickness of the
drilling fluid retention layer is calculated and analyzed. Additionally, the thickness of the
drilling fluid retention layer in eccentric annulus is analyzed. In addition, the quantitative
conditions for preventing drilling fluid retention is analyzed.

2. Assumption and Description of Calculation Model

The focus of this study is the retention layer of drilling fluid on the annulus wall.
To facilitate the research, the following assumptions have been established:
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(1) Take the wellbore annulus, whose length is one casing column, as the object, and re-
gard the entire annulus as consisting of (countless) two flat plates with variable width;

(2) The flow pattern of cement displacement process is a laminar flow, and the flow rate
of cement slurry displacement is constant;

(3) Both cement slurry and drilling fluid satisfy the Hershel–Bulkley rheological model;
(4) During cement replacement, the mixing of cement slurry and drilling fluid at the

interface is neglected; also, the physical and chemical reactions between cement slurry
and drilling fluid at the interface are not considered;

(5) The shear stress acting on drilling fluid is mainly generated by the axial flow of cement
slurry; thus, the circumferential velocity gradient is neglected;

(6) The influence of mud cake is not considered.

The assumptions are mainly used to simplify the processing conditions and facilitate
the establishment of the model. The fundamental assumptions are based on the properties
of the drilling fluid retention layer present on the annulus wall.

3. Analysis of Shear Stress Distribution Characteristics of Annulus Fluid
3.1. Differential Equation of Shear Stress Distribution of Annulus Fluid

Based on the geometric characteristics of the wellbore annulus, the wellbore annulus
is considered as a series of plates with different widths distributed along the circumference,
and the annulus area within the circumference angle θ, θ + dθ is taken as the research object,
as shown in Figure 1.
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Figure 1. Simplified model at a circumferential angle of annulus.

The axial fluid motion equation is dimensionless and processed by considering the
non-Newtonian fluid flow properties of drilling fluid and cement slurry within the wellbore
annulus [6,21]:

−∂p
∂ξ

+
∂

∂y
τξy,k −

ρk cos β

St∗
= 0 (1)

where St∗ satisfies
St∗ =

τ̂∗

ρ̂∗ ĝ∗ r̂∗a δ∗
(2)

where k = 1, or 2, 1 denotes cement slurry, and 2 represents drilling fluid.
Typically, the density of cement slurry exceeds that of drilling fluid; therefore,

ρ̂∗ = max
k

[ρ̂k] = ρ̂1 (3)

As such, the dimensionless fluid density is provided as follows:

ρ1 =
ρ̂1

ρ̂∗
= 1, ρ2 =

ρ̂2

ρ̂∗
(4)
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When k = 1, the cement slurry motion equation (i.e., Equation (1)) is simplified to be

∂

∂y
τξy,1 = − f (5)

By contrast, when k = 2, the drilling fluid motion Equation (1) is simplified to be

∂

∂y
τξy,2 = −b − f (6)

For Equations (5) and (6), f = − 1
F − ∂p

∂ξ , b = 1−ρ2
F , F = St∗

cos β , where ∂p
∂ξ < 0, and

generally f ≥ b > 0.

3.2. Definite Solution Conditions and Dimensionless Treatment of Rheological Model

The basic conditions that cement replacement needs to meet in the annulus consists of
a no-slip condition on the wall, symmetry condition, and a stress coupling condition [22],
as shown in Figure 2.
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The no-slip condition on the wall is

w(H, ξ) = 0, w(−H, ξ) = 0 (7)

The symmetry condition is
τξy(0, ξ) = 0 (8)

and the stress coupling condition is

τξy,1(Yi, ξ) = τξy,2(Yi, ξ) (9)

where w(y) refers to the dimensionless velocity of the fluid; H is half of the dimensionless
annular-clearance width at a certain circumferential angle, where H = 1 + e cos(πϕ); and
Yi denotes the contact surface between cement slurry and drilling fluid, where 0 < Yi ≤ H.

Assume that the properties of cement slurry and drilling fluid satisfy the Hershel–
Bulkley model, then the rheological model is dimensionless and processed as [6]:{

γ& = 0 ⇔ τk≤ τk,Y
τk = τk,Y + κk·

∣∣γ&
∣∣nk ⇔ τ k> τk,Y

(10)
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In Equation (10), the shear velocity gradient (i.e., γ̇) is expressed as the following equation:

γ& =

{
dw
dy ( dw

dy > 0)
− dw

dy ( dw
dy < 0)

(11)

3.3. Analysis on the Distribution Characteristics of Annular Fluid Shear Stress

Combined with the definite solution conditions (i.e., Equations (7)–(9)), the distribution
characteristics of shear stress are examined and it is expressed below:

τ1 = − f y y ∈ [0,−Yi] (12)

τ2 = −bYi + (−b − f )y y ∈ (−H,−Yi] (13)

where τ1 is yield stress and τ2 is shear stress of cementing slurry or drilling fluid. Subscript
1 refers to cement slurry and subscript 2 represents drilling fluid. The development of the
cement displacement profile under different conditions is acquired, as shown in Figure 3a–f.
τB is the shear stress of the fluid at the wall of two flat plates, and τYi is the shear stress of
the fluid at the contact surface Yi.
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∗ŵ , the corresponding 

displacement is 
∗= wBHQ ˆˆˆ2ˆ

 ; meanwhile, displacement rate )ˆ(ˆ yw   and Q̂   meet the 
following equation: 

−=
0

ˆ
ˆ)ˆ(ˆˆ2ˆ

H
ydywBQ

 
(14)

In addition, )ˆ(ˆ yw  and 
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Based on the analysis of Figure 3, when the yield stress of drilling fluid is greater
than the yield stress of cement slurry, and the shear stress at the wall is smaller than the
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yield stress of drilling fluid, that is, τ1,Y < τ2,Y and τ2,Y ≥ τB are met, a certain thickness
of drilling fluid retention layer will be formed on the annulus wall, as shown in Figure 3a.
The thickness of the drilling fluid retention layer hsta meets hsta = H − Yi.

(a) τ1,Y < τYi τ2,Y ≥ τB (b) τ1,Y < τYi τYi < τ2,Y < τB (c) τ1,Y < τYi τ2,Y < τYi

(d) τ1,Y ≥ τYi τYi < τ2,Y < τB (e) τ1,Y ≥ τYi τ2,Y < τYi (f) τ1,Y ≥ τYi τ2,Y ≥ τB

4. Calculation Model of Drilling-Fluid-Retention-Layer Thickness

When the cement slurry is injected with a constant rate of ŵ∗, the corresponding
displacement is Q̂ = 2ĤB̂ŵ∗; meanwhile, displacement rate ŵ(ŷ) and Q̂ meet the follow-
ing equation:

Q̂ = 2B̂
∫ 0

−Ĥ
ŵ(ŷ)dŷ (14)

In addition, ŵ(ŷ) and ŵ∗ satisfy the equation ŵ(ŷ) = w(y) · ŵ∗; thus, Equation (14) is
simplified as ∫ 0

−H
w(y)dy = H (15)

The region [−H, 0] is investigated to determine the fluid velocity distribution between
the two plates. Combining the rheological equation (i.e., Equation (10)), fluid shear stress
distribution equation (i.e., Equation (12)), and the condition Equations (7) and (8) for cement
slurry, the expression of fluid velocity distribution can be derived as follows:

w(y) =

 − κ1
(m1+1) f [(−

f
κ1

y − τ1,Y
κ1

)
m1+1

− ( f
κ1

Yi − τ1,Y
κ1

)
m1+1

] y ∈ [−Yi, yD]

κ1
(m1+1) f (

f
κ1

Yi − τ1,Y
κ1

)
m1+1

y ∈ [yD, 0]
(16)

where m1 is the reciprocal of cement slurry liquidity index, m1 = 1/n1; [yD, 0] refers to the
range of cement slurry flow core in the area between two flat plates in the annulus, where
yD = −τ1,Y/ f . Therefore, the integral expression of Equation (15) can be composed of the
following two parts: ∫ 0

−Yi
w(y)dy =

∫ YD

−Yi
w(y)dy +

∫ 0

YD

w(y)dy (17)

Based on the expression for cement slurry velocity distribution, i.e., Equation (16),
Equation (17) can be deduced to be

∫ 0

−Yi
w(y)dy =

κ1

(m1 + 1) f
(

f
κ1

Yi − τ1,Y

κ1
)

m1+1
[
m1 + 1
m1 + 2

Yi +
τ1,Y

(m1 + 2) f
] (18)

when the drilling fluid at the annulus wall cannot be replaced, τ1,Y < τ2,Y, τ2,Y ≥ τB. Combin-
ing Equation (13) for fluid shear stress between the two plates yields f H + bH − bYi ≤ τ2,Y.
Thus, the critical condition for drilling fluid retention on the wall is acquired to be

f H + bH − bYi = τ2,Y (19)

5. Calculation and Analysis of Thickness of Drilling Fluid Retention Layer

Based on the actual situation of cement displacement (data reference: tail pipe ce-
menting data from Tahe Oilfield in Xinjiang, China), its well depth is generally greater
than 6000~6500 m. The drilling fluid is a poly-sulfonate drilling fluid, and its density is
1.20~1.30 g/cm3. The guide slurry of cement slurry is fly ash low-density cement slurry,
and its density is 1.50~1.60 g/cm3. The tail slurry of cement slurry is conventional-density
cement slurry, and its density is 1.88~1.90 g/cm3. The designed parameters are listed below:
trip in a 6 5/8 inch casing in a 8 1/2 inch wellbore, and the displacement of cement slurry
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is 30 m3/h. The specified characteristics of cement slurry and drilling fluid properties are
presented in Table 1.

Table 1. Properties of cement slurry and drilling fluid during cement displacement.

Density (kg/3)
Liquidity

Index
Consistency

Coefficient (Pa·sn)
Dynamic Shear

(Pa)

Drilling fluid 1200 1 0.3 6

Cement slurry 1500 1 0.45 4

After the dimensionless processing of the parameters of wellbore and fluid perfor-
mance mentioned above, we yielded the following: τ1,Y = 0.15, κ1 = 0.85, n1 = 1,
τ2,Y = 0.23, ρ2 = 0.75, St∗ = 0.15.

Combining Equations (18) and (19), the “dichotomy” method is used to solve the
nonlinear equation, and the effects of cement slurry and drilling property parameters,
casing eccentricity, and other factors on the retention layer thickness of drilling fluid on the
wall are examined.

5.1. Effect of Various Factors on the Thickness of Drilling Fluid Retention Layer

Based on the above data, the variable-controlling method is used to analyze the
influence of various factors on the thickness of drilling fluid retention layer with unit width
(H = 1).

5.1.1. Effect of Drilling Fluid Yield Stress

To study the influence of drilling fluid yield stress, the basic data are taken for other
parameters. The drilling fluid yield stress is taken as 0.16, 0.18, 0.2, 0.22, 0.25, 0.27 and 0.3,
respectively. The thickness of drilling fluid retention layer under different yield stresses is
calculated, as shown in Figure 4.
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Based on the findings presented in Figure 4, it was observed that the thickness of the
drilling fluid retention layer escalates in correlation with the rise in drilling fluid yield
stress. This phenomenon can be attributed to the fact that the yield stress of drilling fluid
represents the minimal shear stress required for the fluid to transition from a static state to
a flowing state, thereby serving as a key indicator of the structural integrity of the drilling
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fluid in its static state. Thus, increasing the yield stress of drilling fluid is not conducive to
the displacement of drilling fluid on the well wall and casing wall.

The above analysis indicates that a higher yield stress of drilling fluid is more beneficial
for its carrying capacity, but it hinders displacement and can lead to drilling fluid retention
between the wellbore and casing annulus. Therefore, it is necessary to evaluate and adjust
the performance of drilling fluid before cementing on site, reduce the yield stress, and meet
the requirements for cementing to prevent drilling fluid retention.

5.1.2. Effect of Yield Stress of Cement Slurry

The impact of the yield stress of cement slurry on the thickness of the drilling fluid
retention layer is illustrated in Figure 5. The data indicate that elevating the yield stress of
the cement slurry leads to a decrease in the thickness of the drilling fluid retention layer,
thereby aiding in the prevention of cementing operation failure. By enhancing the yield
stress of the cement slurry at the interface with the drilling fluid, the wall shear stress
induced by the flow of cement slurry can be increased, promoting the expansion of the
cement slurry flow profile from the annulus center towards the wall.
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The above analysis indicates that increasing the yield stress and consistency coefficient
of cement slurry is beneficial for reducing the thickness of the drilling fluid retention
layer. However, it also increases the flow resistance of cement slurry, resulting in higher
cement injection pressure, which may cause leakage in weak formations prone to low
pressure and lead to the risk of cementing failure. Therefore, in on-site cementing and
cementing operations, a comprehensive analysis is required to maintain the yield stress
and consistency coefficient of cement slurry within a reasonable range.

5.1.3. Effect of Consistency Coefficient of Cement Slurry

The thickness of the drilling fluid retention layer is determined for various consistency
coefficients of the cement slurry, as illustrated in Figure 6.

The data presented in Figure 6 illustrate that the impact of the consistency coefficient
of cement slurry on the thickness of the drilling fluid retention layer is minimal. As the
consistency coefficient of cement slurry rises, there is a decrease in the thickness of the
drilling fluid retention layer to a certain degree.
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5.1.4. Effect of Density Difference of Drilling Fluid

Alter the disparity in density between the cement slurry and drilling fluid, and proceed
to determine the depth of the drilling fluid retention layer accordingly, as illustrated in
Figure 7.
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When the density of the cement slurry exceeds that of the drilling fluid, the buoyancy of
the drilling fluid drives its flow. Enhancing the density contrast between the cement slurry
and drilling fluid enhances the buoyancy effect, leading to a reduction in the thickness of
the drilling fluid retention layer on the annulus wall as the density difference increases.

5.1.5. Effect of Well Inclination Angle

In the case of different well inclination angles, the thickness of the drilling fluid
retention layer is calculated, and the results are shown in Figure 8. The results indicate
that increasing the density difference between cement slurry and drilling fluid is more
advantageous for improving displacement efficiency and reducing drilling fluid retention
risk. Therefore, in the on-site cementing operation, considering formation pore pressure,
fracture pressure, and other conditions, it is advisable to make the density difference
between cement slurry and drilling fluid as large as possible, exceeding 0.2 g/cm3.

Under the same displacement conditions, the thickness of the drilling fluid retention
layer on the annulus wall of the vertical well is smaller among different well types for
the cement displacement. With the increase in well inclination angle, the component of
buoyancy in the axial direction of the wellbore decreases. The reduction in buoyancy is not
conducive to the displacement of drilling fluid on the annulus wall. The inclination angle
significantly affects the retention of drilling fluid on the annular wall, but this factor cannot
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be changed. Therefore, it is necessary to conduct more in-depth research on the cementing
of high-angle and horizontal wells.
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5.2. Analysis on Thickness of Drilling Fluid Retention Layer in Eccentric Annulus

Casing eccentricity results in different velocities and flow patterns of cement slurry
displacement at gaps with different sizes in the annulus. The thickness of the drilling fluid
retention layer at various circumferential angles of the annulus is computed under varying
casing eccentricity conditions, and the findings are presented in Figure 9.
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The data presented in Figure 8 illustrate that the thickness of the drilling fluid retention
layer within the annulus is consistent when the casing is centrally positioned within the
wellbore. In contrast, when the casing is eccentric, the thickness of the drilling fluid
retention layer is reduced at the wider annulus gap and is increased at the narrower
annulus gap. Moreover, as the casing eccentricity intensifies, the disparity in thickness
between the drilling fluid retention layers at the wider and narrower annulus gaps becomes
more pronounced.

6. Quantitative Conditions for Absence of Drilling Fluid Retention on the Wall

Enhancing the efficiency of drilling fluid displacement is essential to mitigate issues
such as fluid channeling and wall adherence during the drilling process. Based on the
aforementioned model, the quantitative condition that there is no drilling fluid retention
on the wall is analyzed, so as to provide a theoretical basis for reasonable adjustment of
rheological parameters of cement slurry and drilling fluid and also for the cementing process.

Based on Equations (18) and (19), when Yi = H, the thickness of the layer of drilling
fluid retained on the wall is 0. Substitute Yi = H into these two equations, we obtain
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κ1H
(m 1 + 1)τ2,Y

(
τ2,Y

κ1
− τ1,Y

κ1

)m1+1[m1 + 1
m1 + 2

H +
H·τ1,Y

(m1 + 2)τ1,Y

]
= H (20)

The above equation is further simplified to(
τ2,Y

κ1
− τ1,Y

κ1

)m1
(

1 − τ1,Y

τ2,Y

)(
m1 + 1
m1 + 2

H +
H

m1 + 2
·τ1,Y

τ2,Y

)
= m1 + 1 (21)

Define parameters A and B to be

A =
τ1,Y

τ2,Y
, B =

τ1,Y

κ1
(22)

Parameter A represents the ratio of cement slurry yield stress to drilling fluid yield
stress, and parameter B represents the ratio of cement slurry yield stress to cement slurry
consistency coefficient. Substituting A and B into Equation (21), we obtain(

B
A

− B
)m1

·(1 − A)

(
m1 + 1
m1 + 2

H +
H

m1 + 2
·A

)
= m1 + 1 (23)

Equation (23) indicates that a specific quantitative relationship must be satisfied
between the rheological properties of cement slurry and drilling fluid in order to prevent
any retention of drilling fluid on the wall. The relationship between parameters A and
B is calculated by taking different liquidity indexes of cement slurry. When the liquidity
index is given, B can be obtained if A is known; similarly, A can be obtained if B is known.
Thus, the relationship between A and B can be a curve, as shown in Figure 10. For example,
when the liquidity index of cement slurry is equal to 1 and parameter A is 0.7, it is required
that parameter B needs to reach 17.3 for the drilling fluid to be removed completely. In
Figure 10, the points that lie in the curve exactly and above the curve denote a situation
where there is no retention of drilling fluid, i.e., the section below the curve represents
a condition that there is a retention of drilling fluid. This can be analyzed based on the
sensitivity analysis in Figures 4–8. Take a point above the curve, for example, we can hold
the opinion that when B is set to be constant (meanwhile, the yield stress of cement is set to
be constant), A is larger than the value for no retention condition (i.e., the curve resulting
from Equation (23)). In other words, the drilling fluid has a yield stress smaller than the
value required to achieve no retention. Based on Figure 4, a smaller yield stress of drilling
fluid leads to a smaller thickness of drilling fluid retention layer. Thus, there will be no
retention of drilling fluid because the comparison object is the no-retention curve. Similarly,
one can analyze the specific case using a given value of A, i.e., we can analyze the effects of
B (or effect of consistency coefficient of cement slurry).
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7. Case Analysis

Relevant slurry displaced by cement slurry consists of drilling fluid and pad fluid.
Drilling fluid has yield characteristics; thus, when the drilling fluid is replaced by the pad
fluid, it is easy to form a drilling fluid retention layer at the annulus wall, affecting the
cementing performance. Equation (23) gives the quantitative relationship between the
performance parameters of the displacing fluid and the displaced fluid when the drilling
fluid retention layer is formed on the casing outer wall or well (formation) wall at different
annular positions.

Here, we use the parameters of Well TH12366, which are listed below (the parameters
of Well TH12366 is based on a real well in Tahe oilfield and is simplified slightly): the
annular wellbore structure is Φ 215.9 mm × Φ 177.8 mm, casing eccentricity is set to
be 0.3, and displacement is 0.6 m3/min (note: displacement of pad fluid in cementing
design of Tahe Oilfield is 0.6~1.23/min). Levenberg–Marquardt method and general global
optimization method were adopted to match the rheological parameters of pad fluids #1
and #2, which meet the Hershel–Bulkley model, and pad fluids #a and #b were regarded as
the research control. The main rheological properties of relevant fluids are listed in Table 2.

Table 2. Properties of drilling fluid for Well TH12366.

Fluid Property Parameters Density
(kg/m3)

Liquidity
Index

Consistency Coefficient
(Pa·sn)

Yield Stress
(Pa) A B

Drilling fluid 1300 1 0.015 5 --- ---

Pad fluid

Pad fluid #1 1400 0.67 0.082 1.738 0.348 1.047

Pad fluid #2 1500 0.8679 0.044 2.563 0.513 1.183

Pad fluid #a 1500 0.6 0.035 2 0.4 3.864

Pad fluid #b 1500 0.8 0.025 1.5 0.3 1.653

As can be seen in Figures 11–14, when the parameters (A, B) are located at the lower
part of the curve, the drilling fluid is retained; when (A, B) is located at the upper part
of the curve, there is no retention of drilling fluid. Increasing parameter A or dynamic
plastic ratio B of pad fluid (preflush) is favorable for avoiding the formation of drilling fluid
retention layer. In addition, the drilling fluid at the narrower gap of the eccentric annulus
is easy to form a retention layer. If a drilling fluid retention layer does not develop within
the confined space, there will be no such layer present at each gap within the annulus.
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The displacement of drilling fluid with pad fluids #1, #2, #a, and #b in Table 2 is
investigated. It can be seen from Figures 11–14 that when the drilling fluid is displaced
with pad fluids #1 and #2, there is no drilling fluid retention layer in the entire eccentric
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annulus; however, the drilling fluid will be retained on the annulus wall when the pad
fluids #a and #b displace the drilling fluid.

The theoretical model presented can provide guidance for selecting various cementing
parameters such as displacement capacity, drilling fluid density, cement slurry density, plastic
viscosity, yield stress, liquidity index, and consistency coefficient. This model aims to minimize
the thickness and determine the location of drilling fluid retention, as well as establish condi-
tions to prevent the development of drilling fluid retention, based on specific well parameters
including borehole size, casing size, well deviation angle, and casing eccentricity. Therefore,
this study offers a theoretical framework for enhancing the displacement effectiveness of
cement injection and maximizing the efficiency of cementing operations.

8. Conclusions

(1) The characteristics of annulus fluid shear stress distribution are analyzed. Equations (7)–(9)
suggest that if the yield stress of the drilling fluid exceeds that of the cement slurry,
and the shear stress at the wall is lower than the yield stress of the drilling fluid, a
specific thickness of drilling fluid retention layer will develop on the annulus wall.

(2) The calculation model for the thickness of the drilling fluid retention layer is estab-
lished, and the thickness of the drilling fluid retention layer is analyzed with param-
eters of wellbore and fluid performance: τ1,Y = 0.15, κ1 = 0.85, n1 = 1, τ2,Y = 0.23,
ρ2 = 0.75, St∗ = 0.15. The thickness of the drilling fluid retention layer is positively
correlated with the drilling fluid yield stress and well inclination angle, while it is
negatively correlated with the cement slurry yield stress, consistency coefficient of the
cement slurry, and the density difference between the drilling fluid and cement slurry.

(3) The thickness of drilling fluid retention layer in eccentric annulus is analyzed (i.e.,
eccentricity of 0, 0.1, 0.2, 0.3 are used). When the casing is not centered, the thickness
of the layer of drilling fluid retained is smaller at the wider annulus gap and larger
at the narrower annulus gap. As casing eccentricity increases, the disparity in the
thickness of the drilling fluid retention layer between the wide and narrow gaps
also increases.

(4) The quantitative conditions for preventing drilling fluid retention is established (i.e.,
Equation (23)). Based on Equation (23), a case study is conducted to show in which
case the retention of drilling fluid can occur. When the parameters (A, B) are located
at the lower part of the curve, the drilling fluid is retained; when (A, B) is located
at the upper part of the curve, there is no retention of drilling fluid. The suggested
theoretical framework can provide guidance for determining a set of cementing
parameters, including displacement capacity, drilling fluid density, cement slurry
density, plastic viscosity, yield stress, liquidity index, and consistency coefficient,
based on a specific set of well parameters.
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Nomenclature

H half of the dimensionless annular-clearance width at a certain circumferential angle
B the length of the dimensionless ring gap at a circumferential angle
Yi the contact surface between cement slurry and drilling fluid, and 0 < Yi ≤ H.
ξ̂ well depth
ξ dimensionless well depth
θ circumferential angle of annular space
β borehole well inclination, ◦

R̂1
(
ξ̂
)

the inner diameter of the borehole
R̂2

(
ξ̂
)

the outer diameter of the casing
W(y) the dimensionless velocity of the fluid
τ1 yield stress
τ2 shear stress of cementing slurry or drilling fluid
τb shear stress of the fluid at the wall of two flat plates
τYi shear stress of the fluid at the contact surface Yi
hsta the thickness of the drilling fluid retention layer
ŵ* cement slurry injection rate
ŵ(ŷ) cement slurry displacement rate
m1 the reciprocal of cement slurry liquidity index
Parameter A the ratio of cement slurry yield stress to drilling fluid yield stress
parameter B the ratio of cement slurry yield stress to cement slurry consistency coefficient
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