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ABSTRACT

Offshore deepwater cementing generally faces more challenges than onshore cementing. Shallow formations in
deepwater wells often exhibit low structural strength, high porosity, and are prone to shallow gas influx and
hydrate formation. These factors require careful control of hydration heat. In this article, we examine the key
factors influencing temperature fluctuations in the wellbore and develop a temperature model that accounts
for the thermal effects related to cement slurry circulation and hydration. This model is then applied to a deep-
water shallow formation cementing case study. The results show that: (1) When cement slurry is displaced into
deep-water shallow formations, it loses heat due to seawater-induced cooling before entering the wellbore. This
lowers the temperature of both the slurry and the wellbore before cement hydration begins. (2) The main pro-
duction of heat due to cement hydration occurs during the pre-induction and acceleration stages. These are also
the critical phases that affect formation temperature in deep-water shallow formation cementing. According to
Kutasov’s semi-analytical equation, the peak heat release happens 8-12 h after cementing, resulting in a tempera-
ture rise of up to 40°C and 30°C for 26" and 12-1/4" boreholes, respectively.
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1 Introduction

Cementing is a vital technical aspect of oil and gas well construction. It affects the production cycle and
life span of the wells, and thus the success of oil and gas reservoir exploration and development. The main
goal of cementing is to isolate different formations effectively and to protect the casing. This ensures that
drilling and oil testing operations can be done safely and smoothly, and that formation isolation is
maintained in the long run [1,2].

Deepwater oil and gas construction cementing is more difficult than onshore cementing. This is because
the shallow formations in deepwater wells are soft, low-strength, and unconsolidated. They cannot bear high-
density cement slurry without breaking. They also have shallow uncertainties such as shallow gas, shallow
flow, and hydrates [3—5]. These uncertainties have high trap pressures that can cause gas kick or channeling if
the cement slurry contacts them. They can also decompose due to temperature changes caused by cement
slurry circulation and hydration, releasing large amounts of methane gas that can lead to cementing
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failure or subsea accidents [6—8]. Liu et al. [9] investigated the effect of cement slurry intrusion on hydrate
stability during the cementing of hydrate formations. They found that cement slurry changes the hydrate
phase equilibrium conditions and induces hydrate decomposition when hydrate reservoirs are exothermic
to hydrate. This results in lower cementing quality or even failure. They used indoor simulation
experiments and numerical simulation calculations to show that cement slurry can cause different degrees
of hydrate decomposition within its penetration range in only 22 min. All hydrates within one time of the
borehole wall will be decomposed. Zou et al. [10] pointed out that the integrity of cement seals in
offshore oil and gas wells is prone to gas channeling due to the influence of high temperatures. Therefore,
relevant research on cement slurry sealing was conducted. Through triaxial testing and high temperature
curing kettle oxidation testing, physical parameters such as compressive strength, elastic modulus, and
Poisson’s ratio of the samples were obtained, and the brittleness index was determined, got the impact of
temperature on the performance of cement seals was also investigated. Cooke et al. [11] examined the
wellbore temperature and pressure changes during cement slurry circulation. They analyzed the annulus
temperature, cement slurry return, and long-term pressure drop of drilling fluid above the cement slurry
during cementing. Under a large number of experiments, Lv et al. [12] analyzed the weight loss of
cement slurry across a wide temperature range, with the influence of different retarders and fluid loss
additives. Based on the experimental results, they noted that the weight loss curve of the cement slurry
shifted from a “two-stage” to a “three-stage” pattern due to temperature variations, and optimal dosages
of retarders and filtrate reducers.

Jing et al. [13], based on the gas—liquid two-phase separated method, established an improved
calculation model of wellbore temperature and pressure field for offshore HPHT wells. This model can
display accurate theoretical support for the rational formulation of the production plan after the well
opening, to avoid excessive restrictions on the initial production rate. Zhao et al. [14] pointed out that the
transient flow testing of ultra-deepwater gas wells is significantly impacted by the low temperature of
seawater at great distances. Consequently, based on fluid mechanics, heat and mass transfer, as well as
conservation of mass and energy, they developed a model for flow temperature and pressure fields. Using
the Runge-Kutta method, they solved the wellbore temperature distribution, accurately assessing the
impact of various factors on wellbore temperature. Duan et al. [15] pointed out that when the gas is
stored in the wellbore, temperature and pressure changes can lead to gas hydrates, which will pose a
significant danger to the production. Establish a temperature model that couples total thermal resistance
and temperature in the wellbore-stratum composite medium system. Utilizing the two-phase pressure
model alongside the temperature model, they conduct coupling calculations of temperature and pressure.
Jia et al. [16] prepared a new kind of microcapsule sustained-release—type hydration heat inhibitor
(MSR), investigated the semi-adiabatic temperature rise, setting time, and strength of low-heat Portland
cement. The results showed that the MSR had a good regulating effect on the hydration of low-heat
Portland cement. Yang et al. [17] studied the degree of hydration of the four major anhydrous cement
phases, developed a mathematical model for kinetic analysis of portland cement hydration. This paper
focuses on the influence of zeolite saturated with zinc ions on the hydration kinetics of Portland cement
composites and contributes to the understanding of the hydration mechanism of cement.
Swaddiwudhipong et al. [18] proposed a numerical model to simulate the exothermic hydration process
of cement and temperature rise. This model considered the hydration reaction of each major mineral
compound found in Portland cement, C5S, C,S, C3A and C4AF. The applicability of the proposed model
is verified by a series of adiabatic temperature rise tests. With the establishment of this approach, it is
possible to simulate the exothermic hydration process of Portland cement, and the temperature rise
directly based on the intrinsic mechanism of hydration, the chemical composition of cement and mix
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proportion of concrete mixture. Lavagna et al. [19] conducted research on the chemical behavior of cement
materials and provided a detailed description of the manufacturing process, chemical composition and
hydration reaction, setting mechanism, pore characteristics of cement stone, and sustainable development
of the cement system, covering these aspects in five separate parts. Meanwhile, they analyzed in detail
the reaction process involving C3A, C,S, C5S and C4AF.

This paper analyzes the wellbore temperature distribution and the cement hydration characteristics
during cement slurry circulation in a deep-water shallow formation drilling in the South China Sea. It
examines the different temperature profiles during the cementing operation and the temperature changes
in the deepwater shallow formation. It provides theoretical support for the safe cementing of deepwater
shallow formations. The paper also fills a gap in the literature on the circulating temperature of the
wellbore and formation during cementing operations and waiting on cement.

2 Temperature Change during Cement Slurry Circulation

The cementing process in deepwater shallow formations has three phases: Phase I, the drilling fluid
circulation phase after the casing is placed in the wellbore. The fluid in the casing and annulus is the
drilling fluid from the previous opening. Phase II, the cementing construction phase, in which the fluids
in the casing and annulus change in order as follows: drilling fluid, isolation fluid, advance fluid, flushing
fluid, cement slurry, and topping fluid. Phase III, waiting on cement, in which the working fluid is
stationary both in casing and annulus. The circulation temperature model for phases I and II is based on
the first law of thermodynamics and the basic equations of heat transfer science [20-22].

The partial differential equation for the temperature distribution during the circulation of the working
fluid in the casing is:

T, oT.
qpi+2nrcihci(Ta_Tc) _plqclizplclﬂrgii (1)
0z ot
The temperature distribution of the working fluid during the circulation in the annulus is:
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The temperature distribution of the well wall during the cementing process is:
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where ¢: circulation displacement during cementing, L/s; p;, p,: pressure drop per unit length in casing and
annulus, MPa; r,;, r.,: casing ID, OD, mm; r,,: borehole diameter, mm; C,, Cy: specific heat capacity of
working fluid and formation, kJ/(kg°C); T, T fluid temperature in casing and formation temperature, °C;
T,0: annulus temperature at the end of cementing, °C; T7,: annular temperature at the end of cementing,
°C; ks formation thermal conductivity, W/(m°C); G: Ground temperature gradient, °C/m; Tj,: Liquid
temperature at the inlet of the casing, °C; T,,: Liquid temperature at the annular outlet, °C; h:
convective heat transfer coefficient of wellbore wall, W/(m*°C).
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The initial temperature distribution of the liquid in the annulus of the casing is the undisturbed formation
temperature, therefore, the initial conditions are expressed as:

T(z,t=0) =T, + Gz
Tu(z,t =0) =T+ Gz %)
Ty(r,z,t =0) =T + Gz

The liquid temperature at the inlet of the casing and the outlet of the annulus can be directly measured,
therefore the boundary conditions at the wellhead are:

{ TC(ZZO,I) =T

Ta(z = O7t) = Lout (6)

The temperature of the fluid inside the casing and the fluid inside the annulus at the bottom of the well,
where z = H, is the same, which is:

T.(z=H,t)=T,(z=H,1) (7)
At the interface between the formation and the annulus fluid, the heat flowing out of the formation and
into the annulus is equal, that is:

[0 btz ~ L) ®
r r=rb

The calculation model is relatively complex, and it is obviously impractical to directly compute its
analytical solution. Therefore, this paper adopts an unconditionally stable, fully implicit finite difference
numerical method to solve it. First, the mathematical model is discretized in both space and time.
Considering stability, the system is treated in a fully implicit manner, where all unknown variables in the
energy balance equation are expressed using values from the subsequent time step to form a system of
algebraic equations. Through this discretization, the solution of the original mathematical model under
given boundary conditions is transformed into a solution over a defined domain. By solving the
discretized system of difference equations using the Gauss-Seidel iteration method, the temperature
distributions of the fluid inside the casing, the annulus fluid, and the formation at different time points
under cyclic conditions can be obtained.

The fully implicit finite difference method is used to solve the above partial differential equation. The
well is built in an area with a water depth of 1250 m. The drilling process uses the open circuit drilling
method without risers. The casing uses 20"-9-5/8" composite casing. The cementing displacement is
1.3 m*/min. The following figures show the fluid temperature inside the casing and the formation
temperature changes during cementing based on the above equation.

This well is riser-less and has a datum temperature of 26°C. The seawater temperature drops as the water
depth increases and reaches 3°C—5°C at the seabed. The cement slurry flows through the drill pipe and cools
down to 12°C—15°C near the mud line due to heat exchange with seawater (see Fig. 1). Figs. 1, 2 show that
the wellbore temperature slope changes at the casing redirection point. This is because the annular flow rate
decreases and the annular volume increases in the 20" casing section of the 26" borehole, compared to the
lower 9-5/8" casing section. This affects the wellbore and formation temperature curve in this section,
making it higher.
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Figure 2: Distribution of formation temperature during cementing
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3 Analysis of Hydration Mechanism of Oil Well Cement

3.1 Hydration Reaction of Cement Components

Currently, G-grade cement is a fundamental type of cement used in oil and gas wells according to API
standards. Its composition is similar to that of ordinary silicate cement and primarily consists of tricalcium
silicate (Ca;3SiO5 as C3S), dicalcium silicate (Ca,SiO4 as C,S), tricalcium aluminate (Ca3Al,Og as C3A), and
tetracalcium iron aluminate (CazAl,Fe,O o, recorded as C4AF).

2931

Oil well cement is a kind of multi mineral mixture, during the hydration, the cement slurry getting
thickens and hardens. From a chemical perspective, hydration is a complex process involving dissolution
and precipitation. The components and reaction rates vary and interact with one another. C5S and C,S are
the most abundant silicate compounds in G-grade cement, typically comprising over 50% of the total
material. The hydration reactions of C3S and C,S at room temperature can be summarized by the

following equation:
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3Ca0 - SiO; + nH,0 — xCaO - SiO, - yH,0 + (3 — x)Ca(OH ), )
2Ca0 - Si0s + mH,0 — xCa0 - Si0; - yHy0 + (2 — x)Ca(OH), (10)

The hydration of C5S and C,S is an exothermic process that can be divided into five stages based on the
relationship between heat release rate and time: pre-induction (stage I), induction (stage II), acceleration
(stage III), deceleration (stage IV), and stability (stage V). The characteristics of each stage are detailed in
Table 1 [23-25].

Table 1: Different stages of C5S hydration process

Hydration Characteristic
stage

Pre induction A few minutes later after mixing with water. During this stage, C5S is wetted with water
and begins hydration reaction rapidly, a large amount of heat formation can be observed.
After the reaction, only a layer of C-S-H gel is formed on the surface of C5S, and the critical
saturation point of Ca (OH) , is not reached.

Induction Relatively weak hydration reaction occurred during the induction period, and the
exothermic rate decreased significantly. During this stage, C-S-H gal colloid precipitates
slowly, and the concentration of Ca>" and OH™ continues rising, the calcium hydroxide
precipitates when it reaches the critical saturation. At a certain temperature, the induction
period lasts for several hours, which is the reason that the cement paste maintains plasticity.
The initial setting time is basically equivalent to the end time of the induction period.

Acceleration During the acceleration period, the hydration reaction accelerates again, the reaction rate
increases with time, and there is a second exothermic peak. After reaching the peak, this
stage ends. At this time, the final setting has passed, and the cement begins to harden.

Deceleration Also known as attenuation period, is the stage in which the reaction rate decreases with
time.

Stability In the stable stage, the flow of ions is very slow, and C-S-H may form a relatively dense
structure, resulting in the gradual reduction of the permeability of the system, the
continuous decline of the hydration rate, the hydration products form a network structure
and become more and more dense, the cement strength increases, and the reaction basically
tends to be stable.

Another important component in cement clinker is tricalcium aluminate (C5A), which plays a crucial
role in the early hydration of cement and the fluidity of the paste. The hydration reaction of C3A in pure
water at room temperature can be roughly described by the following equation:

2034 + 27H — CyAHyo + CoAH (11)

The hydration of C;A occurs in three stages. In stage one, C;A dissolves quickly and produces
hexagonal plate-like hydration products. This dissolution results in a peak heat release while the
formation of hexagonal plate-like hydration products slows the reaction rate. In stage two, the layer of
hexagonal plate-like hydration products breaks down and cubic C3AH¢ forms, causing the reaction to
accelerate once more. In stage three, cubic C;AHg hydration products surround C3;A. Due to their
crystalline network structure, the paste loses fluidity rapidly. Although C;AH¢ forms a solid matrix, it can
increase porosity and damage microstructure, leading to decreased paste strength.
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3.2 Hydration Process of Cement
Cement is a complex mixture with numerous components. Its hydration process can generally be divided
into three stages: ettringite formation, accelerated C;S hydration, and structure development and formation.

In the first stage, ettringite forms when C;A in the cement hydrates upon contact with water. This
produces the initial heat release peak shown in Fig. 3. The chemical reaction during this stage can be
summarized as follows:

CsA + CH + 12H = C4AHy3 (12)
CsAH\5 + 3CSH, + 14H = AFt + CH (13)

In Eq. (9), AFt is referred to as the AFt phase. In Eq. (8), C34 reacts with Ca(OH), in the solution to
produce hydration products C,AH;; and rapidly reacts with CSH, under C,4H;3, CSH, certain
conditions to form ettringite (3CaO - 41,05 - 3CaSO, - 32H,0, as AFY).

{ Cs3S ]—-{ C3SHy C-S-H ]—> Hydrate Calcium Silicate
[ &S GsHy Ca(OH), |
|

1 —

e B L B ve
Uncomplete )
C4AH 3 ——— ARt p{ AFm b AFm(CH) |

a(OH),

C,AFH,;3 M—[ AFU(F) o[ AFm(F) |5 AFm(CHF)|
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Gypsum —»p C3(AF)Hg

C4AF

Figure 3: Cement hydration products of well cement

The second stage is accelerated C;S hydration. During this stage, C5S hydrates rapidly and forms C-S-H
and CH phases, producing the second heat release peak. At this point, CSH, in the cement has been almost
completely consumed. C;S and C,S are the main components of cement, usually accounting for more than
80% of its composition. The hydration reactions of C3S and C,S are shown in Egs. (5) and (6). The product
xCa0-Si0,yH,O0 is unstable and affected by temperature, additives, and curing methods. Its morphology is
not fixed, and commonly referred to as a C-S-H gel, which is the main binding material in hardened cement.

The third stage is structure development and formation. During this stage, the heat release rate has
decreased significantly and gradually stabilizes. The various components of cement interweave to form a
hardened paste structure. The reaction products of cement hydration can be represented by the following
figure.

3.3 Heat Release Model of Cement Hydration

When constructing wells in deep and shallow formations, cementing may cross shallow gas and hydrate
layers. The heat released during cement hydration can significantly increase annulus temperature,
destabilizing shallow gas, hydrate and compromising wellbore safety. Temperature and pressure also
affect the downhole performance of cement slurry, impacting pumpability time and setting strength.
Temperature has a more pronounced effect on these factors. As annulus temperature increases, cement
slurry hydration and solidification accelerate, accompanied with the development of strength. The design
of cement slurry must ensure sufficient pumpable time for safe displacement in the wellbore. To design



2934 FDMP, 2024, vol.20, no.12

and evaluate cementing operations in deep water and shallow layers comprehensively, Kutasov’s [26—28]
cement slurry temperature transformation model calculates temperature changes during the cement
hydration process.

This model integrates both fluid and exothermic elements. When examining the heat released during
cement hydration within the annulus, the degree of hydration is established as a fundamental parameter. It
is defined as the cement that has undergone hydration and is calculated based on the mass fraction of
cement that has released heat during hydration. The correlation between heat release and time is then
determined. Kutasov introduced a dimensionless annulus temperature for a cylindrical constant heat flow
source using a semi-analytical equation to estimate changes in temperature over time.

Ao
21l
in the function above:

AT =Ty(t) = T) =

[aoGo(l) +a1G1(t) +(12G2(l)] (14)

A = TE(I’%V - rg)pcqr

(b+2dV7)’

Go(l) = IHW

Gi(t) = —In(b) (z + Z;) - %t +In(b +2dV1) (Zt - g) +In(b+dVt)(B—1t)

1
(37 + B) + %B\/Ef +1In(b + 2dV/1) (2;2 + ng - Bt) —In(b+dVi)(t— B)

G»(t) = —In(b) (t2 - %Bz +Bt) _%

2
b=26601. d=Y? p="
T d?

In this model: A represents the thermal conductivity of the formation in kcal/(m.hr. °C); r,, is the diameter
of the wellbore in meters; 7. is the outer diameter of the casing in meters; p.. is the density of cement slurry in
kg/m?; g, is the rate at which heat is generated per unit mass of cement slurry in cal/(hr-kg); and ao, a;, and a,
are dimensionless parameters.

Based on Eq. (10), for shallow formations with a thermal conductivity of A = 1.46 kcal/(m.hr.°C), a
cement slurry density of 1400 kg/m’, and a heat generation rate per unit mass for G-grade high-quality
cement of g, = 983.1 cal/(hrkg), with dimensionless parameters set to ag = 1.489, a; = 0.488 and
a, = —0.025. Considering the cooling effect that seawater has on mud during cementing operations in
deep water and shallow formations, which significantly impacts early temperature changes, hydration heat
release calculations begin 4 h after waiting on cement (WOC). The resulting annulus temperature changes
over time during WOC for both 26" wellbore-20” casing and 12-1/4" wellbore-9-5/8" casing are
illustrated in Fig. 4.

The figure above illustrates that for a 26-inch wellbore, the large annular volume and high cement
content result in significant heat generation from hydration and a rapid temperature increase. This
accelerates the hydration process in this section of the well and reduces the initial setting time of cement.
As a result, after about 8 h of waiting on cement (WOC), the annular cement slurry system reaches its
maximum heat release with a temperature increase of about 40°C. In contrast, for a 12-1/2" wellbore with
its smaller annular volume and lower cement content compared to a 26-inch wellbore, its heat release is
less, and its temperature rise is slower. Consequently, its hydration process is slower than that of a 26"
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wellbore. The peak heat release from hydration occurs after about 12 h WOC with an increase in peak
temperature close to 30°C.
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Figure 4: Temperature rise value for different borehole diameters and different waiting time

4 Field Implementation of Cementing in Shallow Formation of Deepwater

In a block in the South China Sea, a shallow well was drilled using a 20" + 9-5/8" composite casing
structure. The well was cemented in sections to seal off the upper soft formations. A fiber optic
temperature sensor was attached to the outer wall of the casing to monitor real-time temperature changes
in the wellbore during casing running and cementing. Fig. 5 shows the wellbore structure after casing
running and cementing.

Once the casing was run to the designated depth, real-time temperature data from the formations were
recorded. Fig. 6 shows the temperature changes detected by the sensor from before cementing began until
after waiting on cement (WOC) was completed.

Fig. 7 separately plots temperature changes over time at characteristic points near the wellhead, in the
middle of the cemented section and near the bottom of the cemented section.

After cementing, Figs. 6 and 7 show the temperature changes in the wellbore. During cementing, the
cement slurry passes through cold seawater and because the induction period is short (usually several tens
of minutes), at this time, the cement slurry is still being injected into the wellbore from the platform via a
cementing manifold and through about 1200 m of water depth. As a result, this stage of temperature
change is not reflected in the figure above. After the induction period ends, the fluid enters a slow heat
release phase which is reflected in the wellbore temperature curve after quantitative displacement is
completed. During this period, there is little change in the slope of the temperature change curve which
mainly reflects the induction period of cement hydration. The induction period is short and immediately
followed by an acceleration period during which wellbore temperature increases rapidly with peak
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temperatures reaching nearly 45°C. This is the main heat release stage for cement in the wellbore. As
described in analysis of cement hydration mechanism, this stage also marks the end of fluidity for cement
slurry and beginning of transition to solid cement stone. If hydrates are present in cemented section, then
during this process hydrate reservoir will decompose releasing large amounts of methane gas causing
cracks or channels on outer wall of unconsolidated cement stone compromising wellbore integrity. About
10 h after WOC hydration reaction begins to weaken continuously as hydration enters deceleration phase
with sufficient strength formed to withstand external loads and seal off lower formations.

Figure 5: Wellbore structure after pipe string is running in

By comparing the above figure with simulated data from the heat release model for cement hydration,
there is a high degree of agreement. This proves that the heat release model for cement hydration can
accurately reflect temperature changes in the wellbore during the cementing process. This model can be
used to evaluate the hydration process during cementing and provide theoretical support for determining
the setting time for slurry and heat release from hydration during later production development.

Cementing is a crucial step in maintaining the integrity of the wellbore. It plays a significant role in
stabilizing the wellbore, securing the casing, and extending the production life of oil and gas wells,
particularly in the development of natural gas hydrates in marine environments. The quality of cementing
directly impacts the feasibility of depressurization production. However, the hydration heat release of
cement slurry can adversely affect the stability of hydrates in the near-wellbore formation, promote
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hydrate decomposition, and allow the generated free gas and water enter to the well, thereby directly altering
the solidification performance of the cement slurry, and compromising the mechanical properties of the
cement sheath. The hydration heat release model presented in this article also indicates that the maximum
temperature during the hydration process is nearly 45°C, which will have a profoundly adverse impact on
the development of deep-water hydrates. Therefore, during the cementing process for deep and shallow
formations, it is imperative to develop a corresponding cement slurry system that exhibits low hydration
heat release intensity. This ensures efficient and safe exploitation of oil and gas resources beneath the
hydrate layer, all while preserving the stability of the hydrates.
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5 Conclusions

(1) During cementing in shallow formations of deep water, the wellbore temperature changes due to two
main factors: the displacement of cement slurry and the heat release from cement hydration. The temperature
of the cement slurry is low when pumped into the wellbore because it exchanges heat with seawater. As a
result, it has little effect on the wellbore temperature.

(2) During the acceleration period, the temperature of cement hydration increases rapidly and has a
significant impact on wellbore temperature. The hydration temperature model is consistent with field data
and shows that the temperature peaks after 8-12 h of setting. In a 26" wellbore, the temperature rises
more than 40°C while in 12-1/4" wellbore 30°C.

(3) External factors such as wellbore enlargement and cement additives can cause slight differences
between the peak temperature time predicted by the model and that observed in field data.
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