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a b s t r a c t

In oil and gas well cementing processes, accurately predicting the bottom hole circulating temperature
(BHCT) is critical to ensuring effective zonal isolation. Overestimating the temperature can lead to
excessive retardation issues, while underestimation can cause cementing accidents. Current methods for
calculating the BHCT of cement slurry typically simplify the cementing processes to a single-fluid cir-
culation and ignore the impact of pre-cementing processes on temperature, leading to significant dis-
crepancies between calculated and actual results. In this study, the wellbore and formation are simplified
into a two-dimensional axisymmetric structure, and a mathematical model of the temperature field
under multi-fluid and multi-step conditions is established based on the law of energy conservation. The
finite volume method was used to discretize the model, and a transient temperature field solver for the
entire cementing process was developed, which can numerically calculate the temperature of any fluid at
any time, any location. For an actual well example, the temperature distribution of the wellbore and
formation after casing running is taken as the initial condition. Numerical calculations were performed
sequentially to calculate the temperature fields of circulation flushing, wellbore preparation, and
cementing, as well as the BHCT of the cement slurry. The study reveals that during the circulation
flushing stage, the maximum temperature point in the wellbore is located at a distance of about 366 m
above the bottom of the well. In the wellbore preparation stage, due to static heat exchange, the
maximum temperature point gradually shifts to the bottom of the well. The BHCT of cement slurry
changes continuously under cementing processes with multi-fluid and multi-step, making it a transient
value. The BHCT of the lead slurry and tail slurry are not equal, with the maximum BHCT of the tail slurry
being 2.46 �C higher than that of the lead slurry. If circulation flushing and wellbore preparation are not
considered, the calculated BHCT of the cement slurry will have errors of þ6.8% and �1.9%. The study
highlighted that considering thermal effects of all cementing stages, such as circulation flushing and
wellbore preparation, in BHCT calculations can help improve prediction accuracy.
© 2025 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

The core objective of cementing processes is to effectively seal
the annulus space between the formation and the casing using
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cement slurry, thereby isolating the oil, gas, and water layers and
establishing a safe channel for oil and gas extraction. To ensure the
sealing effectiveness of the cement slurry, it is essential tominimize
its setting time, enabling the slurry to solidify rapidly after reaching
the predetermined depth in the annulus (Bittleston, 1990). This
rapid solidification reduces the likelihood of formation fluids
entering the cement slurry and enhances the bonding strength
between the cement sheath, the formation, and the casing. Accu-
rate prediction of the bottom hole circulating temperature (BHCT)
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Nomenclature

Symbols
Cc Specific heat of fluid in casing, J/(kg$�C)
Cw Specific heat of casing, J/(kg$�C)
Ca Specific heat of fluid in annulus, J/(kg$�C)
Cf Specific heat of formation, J/(kg$�C)
Tc Temperature of fluid in casing, �C
Tw Temperature of casing, �C
Ta Temperature of fluid in annulus, �C
Tf1 Temperature of wellbore rock, �C
Tfi Temperature of the i-th (i � 2) layer in the radial

direction inside the formation, �C
vc Fluid velocity in casing, m/s
va Fluid velocity in annulus, m/s
hci Convective heat transfer coefficient between the

casing fluid and the casing inner wall, W/(m2$�C)
hco Convective heat transfer coefficient between the

annulus fluid and the casing outer wall, W/(m2$�C)
hb Convective heat transfer coefficient between the

annulus fluid and the wellbore wall, W/(m2$�C)
rci Casing inner radius, m

rco Casing outer radius, m
rb Wellbore radius, m
rf1 The distance from the central symmetry axis to the

wellbore unit center, m
rfi The distance from the central symmetry axis to the i-

th (i � 2) layer of the formation unit center, m
Qc Thermal power generated by the fluid in the casing,

W/m
Qa Thermal power generated by the fluid in the annulus,

W/m
t Time, s
z Well depth, m

Greek symbols
rc Density of fluid in casing, kg/m3

rw Density of casing, kg/m3

ra Density of fluid in annulus, kg/m3

rf Density of formation, kg/m3

lc Thermal conductivity of fluid in casing, W/(m$�C)
lw Thermal conductivity of casing, W/(m$�C)
la Thermal conductivity of fluid in annulus, W/(m$�C)
lf Thermal conductivity of formation, W/(m$�C)
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of the cement slurry is crucial for ensuring the safety of the
cementing processes and improving cementing quality (Chen and
Novotny, 2003; Guillot et al., 1993). However, since the cement
slurry forms a unified whole with the formation and casing after
setting, it is challenging to directly measure the actual temperature
of the cement slurry during the processes. The setting time of the
cement slurry is determined by its formulation, and BHCT, as one of
the key parameters in formulation design (Beirute, 1991), directly
influences the selection and dosage of chemical additives.

Currently, the main methods for predicting cement slurry BHCT
include the American Petroleum Institute (API) calculation method
and empirical coefficient methods based on it, which consider well
depth and geothermal gradient. However, these methods generally
only provide a rough estimate of the BHCT range. To prevent pre-
mature setting of the cement slurry before it is fully displaced into
the annulus, cementing engineers often adopt conservative pre-
dictions, leading to a common issue of overestimated BHCT in
actual processes (Davies et al., 1994; Honore et al., 1993). Sump and
Williams (1973) developed a numerical solution program to
calculate cement slurry BHCT and corrected its pumpable time
based on the heat release characteristics of cement hydration. The
research indicates that there can be a significant discrepancy, up to
30 �C, between temperatures calculated using the API method or
previous models and measured temperatures. This study has the
potential to shorten the cement slurry setting time in the well by at
least 30 min. Bittleston (1990) constructed a two-dimensional
transient model of the wellbore-formation system and used finite
difference numerical methods for the solution. His research sug-
gests that the highest fluid temperature occurs at a certain distance
above the annulus, emphasizing that the temperature measured at
the well bottom should not be used as the design temperature for
cement slurry. He also highlighted the need to consider the for-
mation temperature distribution at the start of the cementing
processes to reduce its impact on BHCT predictions. Guillot et al.
(1993) developed a one-dimensional transient model of the
wellbore-formation system and used the Laplace transform
method for numerical solutions, obtaining temperature variation
curves for cement slurry circulation and well shut-in. Compared
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with the API method and measured values, Guillot's model pre-
dictions are more reliable, especially when the well depth exceeds
4600 m, where the API method's prediction errors are larger, with
an average error of about 10 �C. Chen and Novotny (2003) based on
the law of conservation of mass and heat transfer theory, estab-
lished a cement slurry circulation temperature model and used the
finite difference method to solve for the temperature distribution
within the wellbore and formation. His research pointed out that
the highest temperature in the wellbore is located at a distance of
about one-quarter to one-third of the well depth from the bottom.

It is evident that using wellbore temperature field models to
predict cement slurry BHCT is a more precise technical approach.
This method can comprehensively consider various sensitive fac-
tors and is highly consistent with the temperature distribution and
evolution patterns observed in actual cementing processes.
Research methods for wellbore temperature field models are
mainly categorized into three types: analytical models, transient
numerical calculation methods, and Computational Fluid Dynamics
(CFD) simulationmethods. Analytical models usually assume stable
heat transfer within the wellbore and transient heat conduction
within the formation. By utilizing temperature distribution func-
tions proposed by different researchers (Kabir et al., 1996), the
wellbore temperature can be described as a function of well depth
and time. Transient numerical calculation methods establish ther-
mal equilibrium equations for various regions using partial differ-
ential equations, and the temperature changes over timewithin the
wellbore and formation are calculated through numerical solutions
(Yang et al., 2019; Zhang et al., 2018). With the development of
computer hardware and reservoir technology in this century, CFD
simulation software has integrated mathematical models of tem-
perature fields, primarily using the finite volume method to solve
temperature variations during fluid flow, providing a novel
computational approach (Wu and Han, 2009).

The temperature variation of fluids within a wellbore at
different circulation times can be solved using analytical models.
Moss and White (1959) assumed a quasi-steady-state for fluid
temperature in the wellbore, disregarding the time-dependent
temperature effects, and solved the wellbore temperature



X.-N. Wu, Z.-M. Hou, Z.-Y. Li et al. Petroleum Science 22 (2025) 1578e1595
distribution through spatial discretization. Ramey (1962) addressed
the heat exchange issue when hot or cold fluids enter the wellbore,
assuming radial heat flow from the formation into the wellbore,
with the thermal resistance within the wellbore being much
smaller than that of the formation. He proposed a quasi-steady-
state temperature distribution model and defined the calculation
method for the overall heat transfer coefficient, laying the foun-
dation for subsequent analytical model research. Holmes and Swift
(1970) assumed steady-state linear heat transfer between the for-
mation and the annulus drilling fluid, constructing an analytical
expression for the wellbore fluid temperature under the premise of
neglecting axial heat conduction. When fluid circulation time is
long, the model's results are close to those of the Raymond model
(Raymond, 1969). Arnold (1990) assumed a quasi-steady-state for
wellbore temperature and a transient formation temperature,
neglecting heat sources like viscous dissipation and the effects of
the casing, and constructed a wellbore-formation thermal equi-
librium equation set, providing analytical solutions for fluid tem-
perature distribution in both the annulus and the casing. Kabir et al.
(1996) argued that to calculate changes in fluid density and vis-
cosity within the wellbore, one must first determine the temper-
ature distribution, and he developed a quasi-steady-state analytical
model for wellbore fluid temperature, which is suitable for calcu-
lating the temperature of reverse-injected fluids during well
workovers. However, current analytical models for wellbore tem-
perature fields are mostly based on drilling processes, making them
more applicable to single-fluid long-duration circulation where
temperature distribution tends to stabilize, with limited applica-
bility to cementing processes involving multiple fluids.

Cementing processes involve various fluids, some of which are
used in small quantities and cannot form a fluid circulation. The
temperature, volume, and injection rate of each fluid change over
time, altering the flow and heat transfer of the fluids within the
wellbore. Compared to analytical models, transient temperature
field models combined with numerical solutionmethods can better
describe the transient heat exchange mechanisms between
different regions of the wellbore and formation. Edwardson et al.
(1962) proposed a one-dimensional transient temperature field
model based on heat transfer principles and solved it using nu-
merical methods, obtaining temperature disturbance curves in the
surrounding formation for different circulation times. Raymond
(1969), based on Bird's heat flow equation (Bird et al., 1960), con-
structed both quasi-steady-state and transient temperature field
models, finding that after 4 h of drilling fluid circulation, the results
from both models were nearly identical, laying the foundation for
the development of transient models. Keller et al. (1973) further
expanded Raymond's research by constructing a two-dimensional
transient model that considered the casing temperature and
additional heat sources such as viscous dissipation energy, and
solved it using the finite difference method. Yang et al. (2015, 2017)
developed a transient heat transfer model that could be used to
calculate temperature changes in the wellbore fluids and formation
under well kick conditions and considering drill string assembly
and casing program. Wang et al. (2024) established a temperature
and pressure coupled transient heat transfer model during the
drilling fluid circulation, and theoretically proved that under quasi-
steady state, the downhole temperature increases linearly with the
inlet temperature. Zhang et al. (2024) analyzed the effect of gas
influx on the wellbore temperature field during managed pressure
drilling. However, current research on transient temperature fields
has not fully considered the simultaneous presence of multiple
fluids with different flow regimes and thermal properties during
cementing processes.

CFD simulation software, which combines fluid mechanics and
heat transfer principles, can be used to simulate fluid flow and
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transient temperature distributionwithin the wellbore. Wang et al.
(2019), addressing the BHCT issue in offshore cementing processes,
constructed a two-dimensional simulation model using ANSYS
software. Utilizing the momentum and heat-solving modules, he
simulated the interface and temperature changes during the
cement slurry displacement process. Wang et al. (2021) considered
the cementing plug in the geometric model, simulated the tem-
perature distribution of the cement slurry and formation, and
indicated that the radial influence range of fluid on the formation
temperature around the well bottom during cementing processes
was about 0.5 m. Abdelhafiz et al. (2021), focusing on the fluid
circulation temperature calculation during drilling, established a
three-dimensional simulation model using ANSYS software and
compared it with the results from the two-dimensional model,
finding little difference between the two, with a maximum tem-
perature difference of only 0.23 �C. Although CFD simulations can
calculate fluid temperatures within the wellbore, the heat transfer
rates in the software are difficult to adjust, and the numerical
solving efficiency is lower compared to transient model programs
(Abdelhafiz et al., 2021).

Previous studies on BHCT of cement slurry often overlooked the
impact of pre-cementing processes on the calculation results.
Although Bittleston (1990) acknowledged the importance of
considering the formation temperature distribution before cement
slurry injection, subsequent research did not carry out detailed
computational analysis. Cementing processes typically include
circulation flushing, wellbore preparation, and cement slurry in-
jection of. Before injecting cement slurry, various types of pre-flush
fluids are also introduced. In previous studies, methods used to
calculate the circulation temperature of drilling fluids did not ac-
count for the impact of these preceding steps on the temperature
distribution within the wellbore and the surrounding formation.
Instead, they assumed that the temperature distribution of the
wellbore and formation at the time of cement slurry injection was
the same as that of the original formation. This assumption led to
significant deviations in the calculation results. It has been widely
observed in the cementing industry that the downhole drilling fluid
circulation temperature obtained from Measurement While Dril-
ling (MWD) and the static temperature of the drilling fluid obtained
after drilling completion differ from the actual BHCT of the cement
slurry. Due to the lack of real-time temperature calculations for the
cement slurry from injection to the end of flow, engineers must rely
on API methods and regional experience to make rough estimates
when designing cement slurry formulations and determining
thickening test temperatures. To prevent premature solidification
of the cement slurry, the cementing processes has become
extremely cautious, leading to issues such as over-retardation of
the cement slurry and annulus gas migration, problems that have
long plagued cementing processes (Garcia and Clark, 1976; Guo
et al., 2014, 2019), as highlighted by the report on the Deepwater
Horizon incident (Mangadlao et al., 2015).

This study establishes a transient temperature field mathe-
matical model based on the physical processes of various cement-
ing stages and the heat transfer characteristics between fluids, the
casing, and the formation. The model employs the finite volume
method to numerically solve the partial differential equations. The
study calculates the fluid locations within the wellbore during
different stages and the temperature distribution across the
wellbore-formation regions, determining the BHCT of the cement
slurry and analyzing the effect of different initial temperatures on
the slurry temperature. The innovation of this research lies in the
first-time calculation and analysis of temperature changes in the
wellbore and formation throughout the entire cementing pro-
cesses, including the temperature evolution of drilling fluid, spacer
fluids, cement slurry, and displacement fluids during their flow. The
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results of this study can provide guidance for improving cementing
procedures, cement slurry formulation, and thickening test
experiments.

2. Calculation model of cement slurry BHCT during the whole
cementing processes

2.1. Physical model

According to the actual cementing processes, a typical
cementing job is divided into three continuous stages: circulation
flushing, wellbore preparation, and cement slurry injection, as
illustrated in Fig. 1. The circulation flushing process begins after the
casing running. The wellbore is filled with drilling fluid, and
pumping starts to inject the fluid, gradually establishing a stable
single-fluid circulation. During the wellbore preparation stage, the
drilling fluid remains static, allowing the temperature throughout
the well to gradually return to equilibrium. The cement slurry in-
jection stage involves the sequential injection and displacement of
various fluids, each with different temperatures and flow rates.
During this process, the speed, location, and heat transfer rate of
the fluids in casing and annulus continuously change, and a stable
fluid circulation cannot be established.

Throughout the entire physical process, heat transfer within the
wellbore can be categorized into two types: heat transfer during
fluid flow and heat transfer during fluid stagnation. When fluid
flows within the wellbore, it is injected at a certain temperature
from the wellhead, flows downward along the inner wall of the
casing, reaches the bottom of the well, and then flows back into the
annulus space, moving upward along the annulus space between
the casing and the surrounding rocks. During this process, the fluid
temperature is primarily influenced by two factors: axial advective
heat transfer and radial convective heat transfer between the fluid
and the wellbore wall (Abdelhafiz et al., 2020). After the fluid cir-
culates for a period of time, the wellbore preparation stage begins.
The fluid movement gradually stops, and the fluid in the wellbore
Fig. 1. Conventional cementing processes. (a) circulation flush
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enters a static state. Due to the fluid flow of circulation stage, the
axial temperature distribution in the wellbore and surrounding
areas changes significantly compared to the original temperature or
the initial stable state, resulting in a noticeable radial temperature
difference between the wellbore and the surrounding rocks. Ac-
cording to the second law of thermodynamics, this temperature
difference drives heat transfer, which occurs mainly through con-
duction. During the fluid static period, since there is minimal
variation in fluid density and temperature along the axial direction,
heat transfer due to natural convection can be neglected.

In cement slurry injection process, field engineers typically
focus on the BHCT of the cement slurry, which represents the
maximum temperature near the bottom of the well. Although the
casing and cement sheath can influence the temperature distri-
bution, this impact is mostly concentrated in the upper sections of
the system, with minimal effect on the bottom hole temperature.
Therefore, when establishing a physical model, it is possible to
simplify the wellbore and surrounding rocks. The simplified phys-
ical model is shown in Fig. 2, assuming that the surrounding rock is
a homogeneous single-layer rock. The model mainly considers the
radial convection heat transfer between the formation and the
annulus fluid, the annulus fluid and the casing string, the casing
string and the casing fluid, the flow pattern and location of multiple
fluids, and the axial advection heat transfer.

Assuming the casing is centered and the materials in all parts of
the wellbore are uniform, the physical structure can be simplified
into a two-dimensional axisymmetric geometric structure. The
temperature field of the wellbore and surrounding rock can be
divided into four regions, as shown in Fig. 3. The first region is the
fluid inside the casing, with a temperature denoted as Tc; the sec-
ond region is the casing, with a temperature Tw; the third region is
the annulus fluid, with a temperature Ta; and the fourth region is
the formation, with a temperature Tf. This study primarily focuses
on the thermal energy of the fluids, and therefore simplifies the
momentum and mass equations by assuming uniform fluid flow
velocities and constant density in both the casing and annulus. The
ing, (b) wellbore preparation, (c) cement slurry injection.



Fig. 2. Simplified schematic of the physical model.

Fig. 4. The fluid volumetric element within the casing.

X.-N. Wu, Z.-M. Hou, Z.-Y. Li et al. Petroleum Science 22 (2025) 1578e1595
coordinate z represents the axial direction of the wellbore, r rep-
resents the radial direction, and t represents time.
2.2. Cementing fluid flow temperature model

Based on the equations for heat conduction and heat convection,
heat balance equations are established for each of the four regions.
The derivation process of the temperature control equation is
briefly illustrated using the heat balance equation of the fluid
within the casing as an example.

The wellbore is discretized along the z-axis into uniform volu-
metric elements of length dz, as shown in Fig. 4.

Axial fluid flow in the wellbore induces heat transfer. The heat
entering a volumetric element during time interval dt is modeled
using an upwind scheme for fluid flow as:
Fig. 3. Area division schematic of temperature field system.
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dQ1 ¼Qz �Qzþdz ¼pr2circvcCc
h
Tcðz�dzÞ � Tcz

i
dt (1)

In the radial direction, the convective heat transfer between the
fluid and the casing during time interval dt is:

dQ2 ¼2prcihciðTw � TcÞdzdt (2)

The energy generated by viscous dissipation due to frictional
pressure drop during time interval dt is:

dW ¼Qcdzdt (3)

The total accumulated energy change within the volumetric
element during time interval dt is:

dE¼ rcCc
vTc
vt

pr2cidzdt (4)

The termQz in Eq. (1), alongwith dQ2 in Eq. (2) and dW in Eq. (3),
represents the energy entering the volumetric element, while Qzþdz

in Eq. (1) represents the energy leaving the element. According to
the first law of thermodynamics, dQ þ dW ¼ dE. Upon rearrange-
ment, the energy balance equation for the fluid inside the casing is
derived as:

rcCc
vTc
vt

¼ rcCcvc
vTc
vz

þ2hciðTw � TcÞ
rci

þ Qc

pr2ci
(5)

Energy balance equations for other components of the system
are similarly derived using the finite volume method, as discussed
in (Raymond, 1969), (Keller et al., 1973), (Marshall and Bentsen,
1982), and (Yang et al., 2019). Readers interested in further details
are encouraged to refer to the original articles.

The temperature Tw of the casing is mainly influenced by
convective heat transfer between the casing and both the fluid
inside the casing and the annulus fluid, as well as axial conductive
heat transfer along the casing. The heat balance equation for the
casing is:
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rwCw
vTw
vt

¼ 2rcohco
r2co � r2ci

ðTa � TwÞþ 2rcihci
r2co � r2ci

ðTc � TwÞ þ lw
v2Tw
vz2

(6)
rfCf
�
r2fi � r2fi�1

� vTfi
vt

¼
2lf

�
Tfi�1 � Tfi

�

ln
��

rfi þ rfi�1

�.�
rfi�2 þ rfi�1

��þ
2lf

�
Tfiþ1 � Tfi

�

ln
��

rfi þ rfiþ1

�.�
rfi þ rfi�1

��þ
�
r2fi � r2fi�1

�
lf
v2Tfi
v2z

(9)
In Eq. (6), the left side represents the accumulation of heat in the
casing over time. The first term on the right side represents the
radial convective heat transfer between the casing and the annulus
fluid. The second term accounts for radial convective heat transfer
between the casing and the fluid inside the casing, and the final
term represents axial conductive heat transfer along the casing.

The temperature Ta of the annulus fluid is primarily influenced
by convective heat transfer between the annulus fluid and both the
casing and the formation rock, as well as advective heat transfer as
the fluid flows upward. The heat balance equation for the annulus
fluid is:

raCa
vTa
vt

¼ raCava
vTa
vz

þ
2rbhb

�
Tf1 � Ta

�

r2b � r2co
þ2rcohcoðTw � TaÞ

r2b � r2co

þ Qa

p
�
r2b � r2co

�
(7)

In Eq. (7), the left side represents the accumulation of heat in the
annulus fluid over time. The first term on the right side represents
heat transfer via advection as the fluid moves upward. The second
term accounts for radial convective heat transfer between the
wellbore wall and the annulus fluid. The third term represents
radial convective heat transfer between the casing and the annulus
fluid, and the final term accounts for heat generated by friction as
the fluid flows within the annulus.

The temperature Tf1 of the wellbore wall is the first radial layer
in contact with the annulus fluid. This temperature is primarily
determined by radial convective heat transfer between the well-
bore wall and the annulus fluid, as well as conductive heat transfer
radially and axially through the wellbore wall and the surrounding
rock. The heat balance equation for the wellbore wall is:
rfCf
�
r2f1 � r2b

� vTf1
vt

¼
2rblfhb

�
Ta � Tf1

�

lf þ hbrb ln
��

rb þ rf1
�.

2rb
�þ

2lf
�
Tf2 � Tf1

�

ln
��

rf2 þ rf1
�.�

rb þ rf1
��þ

�
r2f1 � r2b

�
lf
v2Tf1
v2z

(8)
In Eq. (8), the left side represents the accumulation of heat in the
wellbore wall over time. The first term on the right side represents
radial convective heat transfer between the wellbore wall and the
annulus fluid. The second term accounts for radial conductive heat
transfer between thewellborewall and the adjacent formation, and
the final term represents axial conductive heat transfer along the
wellbore wall.

The temperature Tfi within the surrounding rock is primarily
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determined by radial and axial conductive heat transfer within the
surrounding rock. The heat balance equation for the surrounding
rock (where i � 2):
In Eq. (9), the left side represents the accumulation of heat within
the surrounding rock over time. The first term on the right side
represents radial conductive heat transfer toward the wellbore, the
second term represents radial conductive heat transfer away from
the wellbore, and the final term accounts for axial conductive heat
transfer within the surrounding rock.
2.3. Cementing fluid static temperature model

When the fluid within the wellbore is stationary, heat exchange
within the system primarily occurs through heat conduction.
Referring to the derivations of Yang et al. (2015) and Abdelhafiz
et al. (2021), heat balance equations are established for each of
the four regions, as shown in Fig. 3.

The first PDE calculates the temperature Tc of the stationary fluid
inside the casing. Due to the significantly larger radial temperature
gradient compared to the axial one, and the relatively low thermal
conductivity of the fluid, axial heat conduction can be neglected.
During the wellbore preparation stage, the fluid is stationary, and
the drilling fluid has no axial density differences, so the effects of
natural convection can also be ignored, as shown in Fig. 1(b). The
heat balance equation for the stationary fluid inside the casing is:

rcCcr
2
ci
vTc
vt

¼ 2ðTc � TwÞ
lnð2rci=rciÞ=lc þ lnððrco þ rciÞ=2rciÞ=lw

(10)

In Eq. (10), the left side represents the heat accumulation of the
fluid over time. The right side represents the heat conduction
within the fluid in the radial direction and the heat transferred
between the fluid and the casing.

The second PDE calculates the temperature Tw of the casing. The
heat balance equation for the casing is:
rwCw
�
r2co�r2ci

�vTw
vt

¼ 2ðTc�TwÞ
lnð2rci=rciÞ=lcþ lnððrcoþrciÞ=2rciÞ=lw

�

2ðTw�TaÞ
lnð2rco=ðrcoþrciÞÞ=lwþ lnððrcoþrbÞ=2rcoÞ=la

�lw
�
r2co�r2ci

�v2Tw
v2z
(11)
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In Eq. (11), the left side represents the heat accumulation of the
casing over time. The first term on the right side represents the heat
transferred by conduction between the casing and the fluid inside
the casing, the second term represents the heat transferred by
conduction between the casing and the annulus fluid, and the last
term represents the heat conducted axially along the casing.

The third PDE calculates the temperature Ta of the annulus fluid.
The heat balance equation for the stationary fluid inside the
annulus is:

raCa
�
r2b�r2co

�vTa
vt

¼ 2ðTw�TaÞ
lnð2rco=ðrcoþrciÞÞ=lwþ lnððrbþrcoÞ=2rcoÞ=la

�
2
�
Ta�Tf1

�

lnð2rb=ðrcoþrbÞÞ
.
laþ ln

��
rf1þrb

�.
2rb

�.
lf

(12)

In Eq. (12), the left side represents the heat accumulation of the
annulus fluid over time. The first term on the right side represents
the heat transferred by conduction between the annulus fluid and
the casing, and the second term represents the heat transferred by
conduction between the annulus fluid and the wellbore wall.

The fourth PDE calculates the temperature Tf1 of the wellbore
wall. The heat balance equation for the wellbore wall is:
rfCf
�
r2f1 � r2b

� vTf1
vt

¼
2
�
Ta � Tf1

�

lnð2rb=ðrco þ rbÞÞ
.
la þ ln

��
rf1 þ rb

�.
2rb

�.
lf

�
2
�
Tf1 � Tf2

�

ln
�
rf2 þ rf1

.�
rfb þ rf1

��.
l3

þ lf

�
r2f1 � r2b

� v2Tf1
v2z

(13)
In Eq. (13), the left side represents the heat accumulation of the
wellbore wall over time. The first term on the right side represents
the heat transferred by conduction in the radial direction between
thewellborewall and the annulus fluid, the second term represents
the heat transferred by conduction in the radial direction between
the wellbore wall and the adjacent formation, and the last term
represents the heat conducted axially along the wellbore wall.

Since heat transfer within the formation is always by conduction
and is unaffected by the fluid velocity in the wellbore, the tem-
perature within the formation can still be represented by Eq. (9)
when the fluid in the wellbore is stationary.

2.4. Fluid location calculation method

Cementing processes involve the injection and displacement of
multiple fluids, as shown in Fig. 1. Spacer fluids, cement slurry, and
displacement fluids each have their own thermal and rheological
properties, resulting in different heat transfer rates between the
fluid and the casing's inner wall, the casing's outer wall, and the
wellbore wall. Therefore, it is necessary to calculate the location of
each fluid in the wellbore in real time. The method for calculating
fluid location is as follows:

(1) When a fluid satisfies the condition tin,vc � L, the fluid re-
mains entirely within the casing. The depth distribution of
the fluid at this time extends from the wellhead to a depth h,
where h ¼ tin,vc represents the fluid's flow distance. If
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another fluid has already been injected into the casing
behind it, the depth distribution of the preceding fluid ranges
from the front-end depth of the following fluid to h.

(2) When a fluid satisfies the condition tin,vc > L, the front end of
the fluid has entered the annulus. The corresponding depth

of the fluid's front end is L�
�
tin � L

vc

�
va. If part of the fluid is

within the casing and part is in the annulus, the depth dis-
tribution in the casing ranges from the front-end depth of the
following fluid to the bottom of the well, while the depth
distribution in the annulus ranges from the fluid's front-end
depth to the bottom of the well. If the fluid is entirely within
the annulus, the depth distribution extends from the fluid's
front-end depth to the front-end depth of the following fluid.
2.5. Initial and boundary conditions

To solve the cementing temperature field model, it is necessary
to set initial and boundary conditions. Prior to the circulation
flushing process such as logging and casing installation cause the
fluid in the wellbore to remain stationary for an extended period,
allowing the temperature of the wellbore and the surrounding
formation to gradually return to equilibrium. Therefore, it can be
assumed that the temperature distributionwithin the wellbore and
the formation is consistent with the original formation tempera-
ture. The initial conditions for solving the model are represented by
Eq. (14).

Tcðz; t¼0Þ¼ Twðz; t¼0Þ ¼ Taðz; t¼ 0Þ ¼ Tf ðz; t¼0Þ ¼ Ts þ Gz

(14)

The injection temperature of each fluid can be measured using
instruments.

Tcðz¼0; tÞ¼ Tin (15)

The fluid mixes at the wellbore bottom, leading to equal tem-
peratures between the fluid inside the casing and in the annulus.

Tcðz¼HÞ¼ Taðz¼HÞ (16)

It is generally accepted that the influence of the wellbore fluid
on the temperature of the adjacent formation has a limited range. If
the radius of the affected zone in the surrounding formation is rei,
then beyond this range, the temperature distribution of the for-
mation is assumed to be consistent with the original formation
temperature, as shown in Eq. (17).

Tf ðr/ rei; z; tÞ¼ Ts þ Gz (17)

The central axis of symmetry, the bottom boundary of the for-
mation, as well as the top and bottom of the casing, are assumed to
be adiabatic boundaries.
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2.6. Numerical solution of partial differential equations

The solving of PDEs is typically complex and often requires
numerical methods via computer programming. In this section, the
wellbore and the surrounding formation are simplified using a two-
dimensional axisymmetric structure and spatial discretization. The
radial direction of the wellbore and formation is refined to facilitate
analysis of temperature variations in the boundary layers. The finite
volume method (FVM) is used in its explicit form to discretize the
PDEs, converting them into algebraic equations suitable for nu-
merical solutions. The FVM is directly based on the integral form of
conservation laws within control volumes, which ensures strict
conservation of mass, energy, and other properties. In the calcula-
tion of the cement slurry BHCT, energy conservation is particularly
crucial, and FVM inherently satisfies this requirement. By applying
energy conservation to boundary control volumes, FVM facilitates
the calculation of heat transfer between the wellbore and the
external environment. FVM also exhibits high stability when
handling convection and diffusion terms, especially in the presence
of strong convection phenomena. During wellbore circulation and
cement injection processes, where thermal convection is signifi-
cant, the numerical stability of FVM ensures the reasonableness
and accuracy of the temperature field. In the Fluent solver, the
Coupled algorithm is employed to enhance both stability and ac-
T12;j ¼ T02;j þ
2rcohcoDt

r2C2
�
r2co � r2ci

�
�
T03;j � T02;j

�
þ 2rcihciDt

r2C2
�
r2co � r2ci

�
�
T01;j � T02;j

�
þ l2Dt
r2C2Dz

�
T02;jþ1 � 2T02;j þ T02;j�1

�
(22)
curacy. This algorithm solves the momentum and continuity
equations simultaneously. By discretizing the pressure gradient
term in the momentum equation and the mass flux at the surface
implicitly, a fully implicit solution is achieved. To maintain accu-
racy, the precision of each iteration is set to 10�15. Additionally, a
time step of 1 s is used to minimize the cumulative error generated
by the iterations.
2.6.1. Spatial discretization
Fig. 5 illustrates the spatial discretization scheme for the well-

bore and formation. The left side shows the horizontal section view,
while the right side shows the axial section view. The fluid inside
the casing, the casing string, and the annulus fluid are discretized in
one-dimensional space along the axial direction, while the forma-
tion is discretized in two-dimensional space, both axially and
radially. Here, z and r represent the axial and radial directions,
respectively. The temperature at different locations is represented
by i and j, which denote the radial and axial grid points,
respectively.
Fig. 5. Schematic of spatial discretization for the wellbore and formation (left: hori-
zontal section view, right: axial section view).
2.6.2. Fluid flow conditions
For numerical solutions under fluid flow conditions within the

wellbore, the convective heat transfer coefficient must first be
calculated. The equation for the convective heat transfer coefficient
is derived from Petukhov (1970).
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h¼Nul
D

(18)

Nu ¼ ðf =8ÞRePr
1:07þ 12:7ðf =8Þ1

=

2
�
Pr2

=

3 � 1
� (19)

f ¼ ð1:82lnRe� 1:64Þ�2 (20)

Based on Fig. 5, the discretization process for Eqs. (5)e(9) is
performed. In these equations, the superscript 1 denotes the next
time step, and the superscript 0 represents the current time step.

The heat balance equation for the fluid inside the casing is
discretized into Eq. (21).

T11;j ¼ T01;j þ
vcDt
Dz

�
T01;j�1 � T01;j

�
þ 2hciDt
rcir1C1

�
T02;j � T01;j

�
þ QcDt
pr2cir1C1

(21)

The heat balance equation for the casing is discretized into Eq.
(22).
The heat balance equation for the annulus fluid is discretized
into Eq. (23).
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The heat balance equation for the wellbore wall is discretized
into Eq. (24).
T14;j¼T04;jþ
2rbl3hbDt
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T03;j�T04;j

�

r3C3
�
r2f1�r2b

�h
l3þhbrb ln

��
rbþrf1

�.
2rb

�iþ
2l3Dt

�
T05;j�T04;j

�

r3C3
�
r2f1�r2b

�
ln
��

rf2þrf1
�.�

rbþrf1
��þ l3Dt

r3C3Dz2

�
T04;jþ1�2T04;jþT04;j�1

�

(24)
Finally, the heat balance equation for the units within the formation
is discretized into Eq. (25).
T1i;j ¼ T0i;j þ
2l3Dt
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2.6.3. Fluid static conditions
For the static fluid conditions in the wellbore, the heat balance

equations (Eqs. (10)e(13)) are discretized according to Fig. 5. The
discretization method is the same as for the heat balance equations
under fluid flow conditions.

The discretized form of the heat balance equation for the fluid
inside the casing is:

T11;j ¼ T01;j þ
2Dt

�
T01;j � T02;j

�

r1C1r2ci½lnð2rci=rciÞ=l1 þ lnððrco þ rciÞ=2rciÞ=l2�
(26)

The discretized form of the heat balance equation for the casing
T13;j ¼ T03;j þ
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is:
T12;j¼T02;jþ
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The discretized form of the heat balance equation for the
annulus fluid is:
oÞ=l1�
�

(28)



Table 1
Wellbore structure data.

Section Casing procedure Well depth, m Wellbore diameter, mm Casing outer diameter, mm Casing inner diameter, mm

1 Surface casing 481 444.5 339.73 320.43
2 Technical casing 3287 311.1 244.48 224.16
3 Production casing 4572 212.73 168.28 151.52

Table 2
Thermophysical parameters of various materials.

Type Density, g/cm3 Specific heat capacity, J/(g$�C) Thermal conductivity, W/(m$�C)

Drilling fluid 1.54 2.18 0.97
Spacer fluid 1.67 1.756 1.13
Cement slurry 1.91 1.38 1.47
Casing 7.8 0.4 46.0
Formation 2.64 0.837 2.65

Table 3
Rheological properties of various fluids.

Fluid type Flow behavior index n Consistency index k, Pa$Sn

Drilling fluid 0.64 0.29
Spacer fluid 0.63 0.35
Cement slurry 0.61 0.48

Table 4
Relevant parameters for temperature field calculation.

Parameter Valve

Surface temperature 15.28 �C
Geothermal gradient 2.7 �C/100 m
Hydration exothermic rate of cement slurry 7.0 � 10�4 J/(g$s)
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The discretized form of the heat balance equation for the well-
bore wall is:
T14;j ¼ T04;j þ
2Dt
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The discretized form of the equation for the units inside the
formation corresponds to Eq. (25).

Based on the above discretized equations, a numerical solution
program for the temperature field has been developed to enable
real-time calculation of the wellbore and formation temperature.
The reliability of the model calculation results has been verified in
previously published article (Feng et al., 2023).
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3. Results and discussion

3.1. Basic data and cementing processes

(1) Basic data

Some thermal properties of the wellbore and formation mate-
rials are sourced from Holmes and Swift (1970) and Marshall and
Bentsen (1982). The case well is a three-section vertical well, and
its structure is detailed in Table 1. The thermal properties of various
materials are listed in Table 2. The rheological properties of the
fluids are provided in Table 3, where the displacement fluid is
drilling fluid. Table 4 shows some other relevant parameters for
temperature field calculation.

(2) Cementing processes

The entire cementing processes including sequential steps such
as circulation flushing, pump stopping for wellbore preparation,
pre-fluid injection, cement slurry injection, and displacement fluid
injection. The detailed processes and parameters are shown in
Table 5. During displacement, the drilling fluid temperature is
higher than that during the circulation stage due to the increased
temperature of the drilling fluid in the mud tanks from circulation.
The pre-flush and displacement fluids are simplified as single
fluids. The lead and tail slurries in the cement system are of the
same type with identical density, differing only in the retarder
concentration, resulting in similar thermal properties.
3.2. Analysis of initial temperature distribution during cementing

Based on the processes outlined in Table 5, the temperature



Fig. 6. Temperature distribution in the wellbore after 9 h (3 cycles) of circulation
flushing.

Table 5
Cementing processes and parameters.

Process Fluid type Injection temperature, �C Injection rate, m3/h Time, s Injection volume, m3

Circulation flushing Drilling fluid 23.89 47.69 32400 e

Wellbore preparation Drilling fluid e e 5400 e

Pre-fluid injection Spacer fluid 15.3 47.69 1500 19.87
Cement slurry 1 injection Lead slurry 12.1 47.69 2800 37.09
Cement slurry 2 injection Tail slurry 12.1 47.69 2000 26.50
Displacement fluid 1 injection Drilling fluid 28.5 72 3822 76.44
Displacement fluid 2 injection Drilling fluid 28.5 18 1200 6
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distribution of the wellbore and surrounding formation is calcu-
lated sequentially. The wellbore circulation flushing and wellbore
preparation stages are precursors to the cementing, and the tem-
perature distribution at the start can be obtained through calcula-
tions of these stages.
3.2.1. Circulation flushing stage
The temperature distribution of the wellbore after 9 h of drilling

fluid circulation, equivalent to three cycles, is shown in Fig. 6. The
Fig. 7. Temperature distribution after 90 min of fluid static cond
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maximum temperature in the wellbore is 106.46 �C, located near a
depth of 4206 m. The temperature of the fluid entering the well-
bore is 24.32 �C at the wellhead, and the exit temperature is
29.54 �C.

3.2.2. Wellbore preparation stage
Following the circulation stage, wellbore preparations aremade,

including installing the cementing head, connecting pipelines, and
pressure testing. During this time, the drilling fluid in the wellbore
remains static for 90 min, resulting in the temperature distribution
shown in Fig. 7(a). After 90min of static drilling fluid, themaximum
temperature of the annulus fluid is approximately 114.52 �C at the
bottom of the well, while the maximum temperature of the casing
fluid is approximately 108.44 �C, with a temperature difference of
about 6.08 �C between the two. At thewellhead, the temperature of
the drilling fluid in the casing is 25.41 �C, while the temperature in
the annulus is 24.75 �C. The drilling fluid in the annulus cools
significantly due to heat transfer with the surrounding formation.

The temperature distribution at different distances from the
annulus in the formation is analyzed in Fig. 7(b). Before the
cementing process begins, it is evident that the temperature dis-
tribution of the formation near the wellbore has already changed
significantly compared to the original formation temperature. The
temperature of the formation within a radius of 0.8 m from the
wellbore has decreased in the lower part of the well, while the
temperature in the upper part has increased.

3.3. Temperature analysis during cementing processes

The cementing process generally includes pumping spacer fluid,
cement slurry, and displacement fluid. Based on the initial tem-
perature distribution (Fig. 7) of the wellbore and formation at the
itions. (a) wellbore temperature, (b) formation temperature.



Fig. 8. Temperature distribution of multi-fluid injection (left: wellbore temperature, right: formation temperature). (aeb) spacer fluid injection, (ced) lead slurry injection, (eef)
tail slurry injection.
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start of the process, the temperature changes during each stage are
calculated, along with the BHCT of the cement slurry.
3.3.1. Spacer fluid injection stage
After the spacer fluid is injected, the temperature distribution of

the fluids and casing in the wellbore is shown in Fig. 8(a). The in-
jection temperature of the spacer fluid is 16.17 �C, and the return
temperature of the drilling fluid at the wellhead is 25.24 �C.
Compared to the circulation stage (Fig. 6), the exit temperature has
decreased by 4.3 �C. Since the spacer fluid is cooler than the drilling
fluid, the cooling effect is more pronounced. The maximum tem-
perature in the wellbore is 110.53 �C, located near 4252 m in the
annulus. The temperature distribution of the spacer fluid ranges
from 16.17 to 42.48 �C, corresponding to a depth of 0e1097m in the
casing.

The temperature distribution in the formation after spacer fluid
injection is shown in Fig. 8(b). At a distance of 0.01 m from the
annulus, the formation temperature at the wellhead is 24.68 �C.
Compared to the end of the wellbore preparation stage (Fig. 7),
where the temperaturewas 24.17 �C, the temperature has increased
by 0.51 �C, while the maximum temperature at the bottom of the
well (around a depth of 4389 m) has decreased by 4.14e112.88 �C.
3.3.2. Cement slurry injection stage

(1) Pumping the lead slurry

After injecting 37.09 m3 of lead slurry, the temperature distri-
bution in the wellbore is shown in Fig. 8(c). Currently, three fluids
are present in the wellbore: drilling fluid, spacer fluid, and cement
slurry. The injection temperature of the lead slurry is 13.3 �C, and
the return temperature of the drilling fluid at the wellhead is
24.11 �C, a decrease of 1.13 �C compared to the end of the spacer
fluid injection. The lead slurry occupies a length of 2057 m, with a
temperature range of 13.3e65.86 �C. The maximum temperature in
the wellbore is located at a depth of approximately 4252 m, with a
temperature of 108.55 �C. Compared to the end of the spacer fluid
injection, the maximum temperature in the wellbore has further
decreased.

The temperature distribution in the formation after lead slurry
injection is shown in Fig. 8(d). At a distance of 0.01 m from the
annulus, the maximum temperature at a depth of approximately
4343 m is 111.05 �C, while the temperature at the wellhead is
23.69 �C. Compared to the end of the spacer fluid injection, the
near-wellbore formation temperature from the wellhead to the
bottom of the well has decreased.

Generally, the longer the fluid circulation time, the lower the
temperature in the lower section of the wellbore annulus fluid and
the surrounding area (typically within a radial distance of 1 m),
eventually stabilizing. Meanwhile, the fluid outlet temperature and
the temperature of the surrounding formation in the upper section
of the wellbore will increase. This behavior aligns with the general
pattern of changes in the fluid circulation temperature field.
However, after lead slurry injection, the temperature of the drilling
fluid returning to the wellhead and the temperature of the for-
mation near the wellbore both decrease. This is because the
Table 6
Division of high-rate displacement stage.

Stage Process Fluid type Inject

1 Lead slurry returns to 4200 m Drilling fluid 28.5
2 Tail slurry returns to 4200 m Drilling fluid 28.5
3 High-rate displacement ends Drilling fluid 28.5
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injection temperature of the lead slurry is lower than that of both
the spacer fluid and drilling fluid, and heat convection removes
more heat from the annulus fluid, reducing the temperature of the
casing, annulus fluid, and the surrounding formation.

The temperature changes in the surrounding formation in the
upper section of the wellbore during cementing are complex.
Typically, the temperature of the annulus fluid is higher than that of
the adjacent formation, so the temperature of the near-annulus
formation is higher than that of the distant formation. The near-
formation continuously transfers heat to the distant formation
through conduction. As the operation proceeds, the temperature of
the distant formation continues to rise. The temperature of the
surrounding formationwill be influenced by the temperature of the
injected fluids. When the temperature of the injected fluids de-
creases significantly, heat convection can reduce the temperature
of the adjacent annulus fluid. If the heat gained by the near-
wellbore formation from convective heat transfer with the
annulus fluid is less than the heat loss through radial heat con-
duction, the temperature of the near-wellbore formation will
temporarily decrease. As fluid circulation continues, the tempera-
ture of the annulus fluid rises (increasing the exit temperature),
increasing the heat gained by the near-wellbore formation through
convective heat transfer, and the temperature will rise accordingly.

(2) Pumping the tail slurry

After injecting 26.50 m3 of tail slurry, the temperature distri-
bution of the fluids and casing in the wellbore is shown in Fig. 8(e).
The fluids in the wellbore include drilling fluid, spacer fluid, lead
slurry, and tail slurry. The temperature distribution of the fluids is
as follows: the drilling fluid is distributed above 4480 m in the
annulus, with a temperature range of 24.32e107.81 �C; the spacer
fluid is distributed between 4480 and 4572m in the annulus, with a
temperature range of 106.56e106.69 �C, and between 3566 and
4572m in the casing, with a temperature range of 97.87e106.32 �C;
the lead slurry is distributed between 1509 and 3566 m in the
casing, with a temperature range of 55.56e97.37 �C; and the tail
slurry is distributed above 1509m in the casing, with a temperature
range of 13.32e54.50 �C. The temperature of the returning drilling
fluid at the wellhead has increased by 0.21 �C compared to the end
of the lead slurry injection, while the maximum temperature in the
wellbore (located at a depth of approximately 4206 m) has
decreased by 0.74 �C.

The temperature distribution in the surrounding formation is
shown in Fig. 8(f). Compared to the end of the lead slurry injection,
the temperature in the lower part of the formation has further
decreased, while the temperature at the wellhead has increased. At
a distance of 0.01 m from the annulus, the maximum temperature
at the bottom is 110.18 �C, a decrease of 0.87 �C compared to the end
of the lead slurry injection, and the temperature at the wellhead is
23.77 �C, an increase of 0.08 �C.
3.3.3. Displacement fluid injection stage
In typical cementing processes, the displacement of drilling fluid

and spacer fluid from the annulus by cement slurry occurs in two
stages. Initially, a high displacement rate is employed to displace
ion temperature, �C Rate, m3/h Time, s Volume, m3

72 1190 23.80
72 1854.6 37.09
72 777.4 15.55



Fig. 9. Temperature distribution of displacement fluid injection. (a) lead slurry returns to 4200 m, (b) tail slurry returns to 4200 m, (c) high-rate displacement ends, (d) formation
temperature after high-rate displacement, (e) low-rate displacement ends, (f) formation temperature after low-rate displacement.
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most of the cement slurry into the annulus, followed by a lower rate
with a smaller volume of displacement fluid to ensure careful
displacement and secure pressure bumping, as shown in Table 5.

(1) High-rate displacement stage

From the previous analysis, it is evident that the temperature
hotspot within the wellbore is located at a depth of approximately
4200 m. While the hotspot depth may vary due to multiple factors,
it generally remains relatively stable as long as the well depth and
structure remain unchanged (Wang et al., 2022). Based on this, it
can be inferred that the maximum temperature of the lead and tail
cement slurries will likely occur near this 4200 m depth. To better
analyze the maximum circulation temperature of the lead and tail
slurries, the high-rate displacement process is further subdivided
into three stages, as shown in Table 6.

1) High-rate displacement stage 1

During this stage, the front of the lead slurry returns to a height
of 4200 m. The temperature distribution in the wellbore is shown
in Fig. 9(a). The fluids present in the wellbore include drilling fluid,
spacer fluid, lead slurry, tail slurry, and displacement fluid 1. The
lead slurry is distributed in the annulus between 4200 and 4572 m,
with temperatures ranging from 107.87 to 108.36 �C. Inside the
casing, the lead slurry is distributed between depths of 2834 and
4752m, with temperatures ranging from 87.81 to 107.73 �C. The tail
slurry is distributed within the casing between depths of 1325 and
2834 m, with temperatures ranging from 52.99 to 86.85 �C.

2) High-rate displacement stage 2

In this stage, the front of the tail slurry returns to a height of
4200 m, as shown in Fig. 9(b). The lead slurry is distributed in the
annulus between 1417 and 4200 m, with temperatures ranging
from 59.55 to 109.77 �C. The tail slurry is distributed in the annulus
between 4200 and 4572 m, with temperatures ranging from 109.92
to 110.14 �C, and inside the casing between 3383 and 4572 m, with
temperatures ranging from 97.46 to 109.61 �C. The hotspot tem-
perature is located at a depth of approximately 4343 m, with a
temperature of 110.14 �C. Therefore, it can be concluded that the
maximum circulation temperature of the lead slurry during this
process is approximately 109.92 �C.

3) High-rate displacement stage 3

The temperature distribution in thewellbore during this stage is
shown in Fig. 9(c). The lead slurry is distributed in the annulus
between 320 and 3103 m, with temperatures ranging from 35.94 to
94.69 �C. The tail slurry is distributed in the annulus between 3103
and 4572 m, with temperatures ranging from 95.54 to 110.56 �C,
and inside the casing between depths of 4252 and 4572 m, with
temperatures ranging from 108.58 to 110.07 �C. The hotspot tem-
perature in the wellbore is 110.56 �C, located at a depth of
approximately 4389 m. Compared to stage 2, the hotspot temper-
ature has increased by 0.42 �C, and the hotspot has moved closer to
the bottom of the well, shifting downward by approximately 46 m.
The displacement rate is indeed a critical factor influencing the
depth of the hotspot (Wang et al., 2022).

The temperature distribution of the surrounding formation is
shown in Fig. 9(d). The temperature of the formation near the
bottom of the well has increased, while the temperature of the
formation farther from the annulus has continued to decrease. The
temperature near the wellhead has also increased. Analyzing the
temperature at a distance of 0.01 m from the annulus, the
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maximum temperature at the bottom of thewell is 111.97 �C, which
is 1.79 �C higher than that after the tail slurry was injected. At the
wellhead, the temperature has increased by 6.17 �C. At a distance of
0.4 m from the annulus, the maximum temperature at the bottom
of the well is 134.80 �C, compared to 135.08 �C previously, a
decrease of 0.28 �C. The wellhead temperature has increased from
17.28 to 17.36 �C.

The increase in the fluid hotspot temperature and the temper-
ature of the near-wellbore formation during the displacement stage
is due to the higher temperature of the displacement fluid
compared to the cement slurry and spacer fluid. Additionally, the
heat generated by cement slurry hydration and friction further
raises the wellbore temperature. Once the wellbore temperature
rises, the heat exchange between the wellbore and the formation
near the bottom of the well decreases. Continuous heat conduction
in the formation farther from the wellbore results in a gradual re-
covery of the wellbore temperature. However, the temperature in
the formation farther from the wellbore (e.g., at a distance greater
than 0.4 m from the annulus) continues to decrease. The temper-
ature of the annulus fluid at the wellhead rises rapidly due to the
increased temperature of the fluid injected into the casing, causing
the surrounding temperature to rise.

(2) Low-rate displacement stage

At a low displacement rate of 18 m3/h, displacement was
completed and pressure bumping was performed to conclude the
cementing processes. Upon completion of displacement, the
cement slurry returned to the design depth, fully occupying the
annulus space, while the displacement fluid filled the casing, as
shown in Fig. 9(e).

At the end of the cementing processes, the temperature distri-
bution of the lead slurry ranged from 31.58 to 86.95 �C in the in-
terval between 0 and 2606 m, while the tail slurry temperature
ranged from 87.91 to 112.38 �C in the interval between 2606 and
4572 m. Compared to the high-rate displacement stage, the tem-
perature of the fluids in the wellbore has further increased, with a
hotspot temperature of 112.38 �C at a depth of approximately
4298 m, representing an increase of 1.82 �C. With lower displace-
ment rates, the fluid has more time to exchange heat through
convection, thereby absorbing more heat from the formation and
increasing its temperature.

The temperature distribution in the surrounding formation at
the end of the cementing processes is shown in Fig. 9(f). Compared
to the previous stage, the temperature of the formation near the
wellbore has increased further. The temperature of the formation
farther from the annulus increased gradually in the upper sections
of the well but decreased slowly in the lower sections.

Through the above calculations and analysis, the axial temper-
ature distribution of the cement slurry and the BHCT were ob-
tained. After the cement slurry reached the design location, the
temperature of the lead slurry ranged from 31.58 to 86.95 �C.
During the entire flow process, the BHCT of the lead slurry was
109.92 �C, while the tail slurry temperature ranged from 87.91 to
112.38 �C, with the BHCT of 112.38 �C. Under conventional
cementing displacement techniques and working fluid column
structures, the BHCT of the cement slurry is higher than the tem-
perature during drilling fluid circulation (Fig. 6), with the BHCT of
the tail slurry being higher than that of the lead slurry.

3.4. Influence of initial temperature on cement slurry BHCT

Previous studies on cement slurry BHCT often do not consider
the circulation flushing and wellbore preparation steps. Generally,
the calculation begins by assuming that the wellbore is filled with



Fig. 10. Temperature distribution of cementing processes (left: wellbore temperature, right: formation temperature). (aeb) not considering circulation flushing, (ced) not
considering wellbore preparation.
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drilling fluid, and the temperature distribution of both the wellbore
and the formation is identical to the original formation
temperature.

3.4.1. Not considering circulation flushing
When the circulation flushing stage is ignored, the temperature

distribution of the wellbore and formation during the cementing
processes is assumed to match the original formation temperature.
Fig. 10(a) shows thewellbore temperature distribution at the end of
cementing processes without considering circulation flushing. The
lead slurry occupies the depth from 0 to 2606 mwith temperatures
ranging from 29.58 to 86.08 �C, while the tail slurry occupies the
depth from 2606 to 4572 m with temperatures ranging from 87.52
to 120.02 �C. The drilling fluid occupies the depth from 0 to 4572 m
with temperatures ranging from 28.58 to 117.36 �C. Compared to
the wellbore temperature in actual cementing processes (Fig. 9),
the hotspot temperature of the tail slurry is overestimated by
7.64 �C, and the temperature of the lead slurry returning to the
surface is underestimated by 2.0 �C.

Fig. 10(b) shows the formation temperature distribution around
the wellbore at the end of cementing processes. Due to the short
displacement time, the radial temperature impact range is within
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0.4 m. Compared to the formation temperature during actual
cementing processes (Fig. 9), the temperature near the wellbore in
the lower section of the well is higher, while it is lower in the upper
section. For example, at a distance of 0.01 m from the annulus, the
maximum temperature at the bottom of the well is 121.60 �C,
which is 7.80 �C higher than in actual processes. However, at the
wellhead, the temperature is 27.72 �C, which is 1.46 �C lower.

If the circulation flushing step is ignored, the initial temperature
distribution of the wellbore and surrounding formation at the start
of the cementing processes are equal to the original formation
temperature. As a result, the temperature in the lower section of
thewellbore is too high, and the temperature in the upper section is
too low. Consequently, the calculated BHCT of the cement slurry is
overestimated, while the temperature of the fluid returning to the
surface is underestimated.

3.4.2. Not considering wellbore preparation
When the wellbore preparation stage is ignored, the initial

temperature distribution in the wellbore at the start of cementing
corresponds to that shown in Fig. 6. The wellbore temperature
distribution at the end of cement slurry displacement is shown in
Fig.10(c). The lead slurry occupies the depth from 0 to 2606m, with



X.-N. Wu, Z.-M. Hou, Z.-Y. Li et al. Petroleum Science 22 (2025) 1578e1595
temperatures ranging from 30.95 to 83.83 �C. The tail slurry oc-
cupies the depth from 2606 to 4572 m, with temperatures ranging
from 85.06 to 110.28 �C. The drilling fluid inside the casing has
temperatures ranging from 28.67 to 107.99 �C. Compared to the
wellbore temperature in actual cementing processes, the hotspot
temperature of the cement slurry is underestimated by 2.1 �C.

Fig. 10(d) shows the formation temperature distribution around
thewellbore at the end of cementing processes. Compared to actual
cementing processes, the temperature in the lower section of the
well is lower. For example, at a distance of 0.01m from the annulus,
the maximum temperature at the bottom of the well is 111.69 �C,
which is 2.11 �C lower. When the wellbore preparation step is
ignored, the temperature in the lower section of the wellbore does
not adequately recover, resulting in a lower calculated BHCT for the
cement slurry compared to actual processes.

4. Conclusion

A comprehensive temperature field model for the entire
cementing process was established. This model enables the nu-
merical calculation of wellbore and formation temperatures
throughout circulation flushing, wellbore preparation, and cement
slurry injection. It includes real-time tracking calculations of the
location and temperature of each fluid and the temperature dis-
tribution at different locations in the formation surrounding the
annulus.

(1) The calculation of cement slurry BHCT was achieved under
the consideration of multiple cementing processes steps and
various working fluids. The BHCT value changes continu-
ously during the cementing processes, indicating it is a
transient parameter.

(2) The BHCT for the lead slurry and tail slurry are not identical
during cementing processes. In this study, the maximum
BHCT of the tail slurry was 2.46 �C higher than that of the
lead slurry. Therefore, the difference between the two should
be considered when designing the cement slurry
formulation.

(3) Ignoring circulation flushing and wellbore preparation from
the cementing processes can lead to errors in the calculated
cement slurry BHCT. In this study, ignoring the circulation
flushing stage resulted in an overestimation of the BHCT by
7.64 �C, while ignoring the wellbore preparation stage led to
an underestimation of the BHCT by 2.1 �C.

(4) Traditional API methods for predicting cement slurry BHCT
obtains the recommended empirical chart or calculation
formula by summarizing the circulating temperature of
drilling fluid. However, drilling operation conditions and
cementing processes are significant different, and their BHCT
values are not the same. The BHCT of cement slurry is
influenced by a combination of factors, including the previ-
ous processes stages, the thermal properties of fluids in the
wellbore, the wellbore structure, and the cementing process.
The recommendation algorithm of cement slurry BHCTat the
oilfield site needs to be improved.
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