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Abstract In the process of plugging wellbore with balanced plugging mud, hydra-
tion reaction kinetics, heat transfer and fluid mechanics interact with each other
during the cement plugging stage, forming a complex physical and chemical process,
which has not been fully taken into account in the current mechanical model of
abandoned wellbore. Based on this, firstly, considering the hydration of cement
plug during solidification stage, a transient heat-fluid-chemical coupling model of
the abandoned wellbore is established. Then, the implicit finite difference method
is used to discretized solve the simultaneous equations, and the characteristics of
temperature distribution, hydration law of cement plug and pressure distribution of
the abandoned wellbore are analyzed. The results show that the temperature of deep
cement plug is almost constant after reaching the peak value under the coupling
effect of thermal-fluid-chemical interaction, the temperature of shallow cement plug
decreased significantly (by about 8 °C) and the middle cement plug was followed
by a reduction of about 5 °C. The porosity and pore pressure of deep cement plug
decreased rapidly, followed by the middle cement plug, and the shallow cement plug
was the slowest. The hydration degree, gel strength and chemical shrinkage rate of
the deep cement plug increased rapidly, followed by the middle cement plug, and
the shallow cement plug was relatively slow.
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1 Introduction

The traditional wellbore disposal adopts the balanced plug filling method, which
can be divided into circulating drilling fluid stage, cement plug filling stage, slurry
displacing stage, drilling and well washing stage and waiting stage [1, 2]. The cement
plug needs to inject the mixed cement slurry into the drilling tool or (tubing) according
to the designed amount. The cement slurry is made by mixing dry cement with water
and additives in a certain proportion. The mixed cement slurry immediately reacts
with hydration, and the main process of the hydration reaction of the cement slurry
occurs in the waiting setting stage. In the waiting stage, hydration reaction kinetics,
heat transfer and fluid mechanics interact with each other to form a complex physico-
chemical process that jointly affects the development and change of stress in the aban-
doned wellbore. However, the current mechanical model of the abandoned wellbore
has not taken this complex physico-chemical process into account. Based on this, the
transient heat-fluid-chemical coupling model of abandoned wellbore is established
and solved, and the distribution law of wellbore temperature, cement plug hydration
degree and cement plug pressure in the physical and chemical process of cement
plug plugging wellbore is described, providing a reference for the establishment of
wellbore mechanical model.

2 Transient Thermal-Fluid-Chemical Coupling Model
of Abandoned Wellbore

2.1 Model Assumptions

(1) The hydration reaction starts from the waiting stage and ignores the hydration
reaction in other stages;

(2) Inthe process of circulating drilling fluid, cementing plug and slurry displacing,
the fluid flow in the wellbore is one-dimensional along the direction of the
wellbore, regardless of the radial direction of the flow;

(3) Considering the influence of friction heat generation between fluid and string,
other heat source terms are ignored;

(4) Ignore the influence of temperature on thermal property parameters such as
thermal conductivity, specific heat and viscosity.

2.2 Dynamic Equation of Cement Hydration Reaction

(1) Kinetic principle of hydration reaction

For the heterogeneous material system under non-isothermal conditions, the kinetic
equation of chemical reaction can be obtained [3, 4]:
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(2) Kinetics model of hydration reaction [5, 6]
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2.3 Heat Transfer Equation

(1) Heat transfer equation in tubing during fluid movement [7—-10]
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(2) Heat transfer equation in annulus during fluid movement
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(3) Heat transfer equation in casing during static fluid process
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(4) Formation heat transfer equation
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(5) Auxiliary equation
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The comprehensive heat transfer coefficient /. between the fluid in the tubing and

the fluid in the annulus is expressed as:
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The comprehensive heat transfer coefficient £, between annulus fluid and borehole
wall can be expressed as:
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2.4 Pressure Field Equation of Cement Plug

The final equation for calculating the pore pressure of cement plug is:

ap 27500
oo — maxy o8 — o, Pw8 (11)
a9z TesiO500

3 Calculation and Analysis of Transient
Heat-Fluid-Chemical Coupling Model of Abandoned
Wellbore

3.1 Model Solving and Verification

The partial differential equations were discretized by an unconditional and stable
Crank Nicolson implicit numerical scheme, and the time and space grids in the
cement hydration dynamics equation, thermodynamic equation and cement plug
pressure field equation were consistent. Two-point difference scheme is used for the
derivatives of first order time and first order space, and three-point central difference
scheme is used for the derivatives of second order time and second order space.

In order to verify the reliability of the model, the heat-fluid-chemical coupling
model established in this paper was applied to the experiment of Nagelhout et al.,
the environment temperature was set at 60 °C, and other calculation parameters
in the model could be obtained from relevant literature [11]. As can be seen from
Fig. 1, the temperature calculated by the model in the cement plug solidification
process is in good agreement with the temperature development trend measured by
experiments, indicating that the heat-fluid-chemical coupling model established in
this paper has high accuracy and can meet the requirements of subsequent calculation
and simulation.
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3.2 Analysis of Calculation Results

3.2.1 Wellbore Temperature Distribution Characteristics

A simulated well was selected as the research object. Firstly, the transient heat-fluid-
chemical coupling model was used to simulate the cementing plug in the whole well-
bore of the well, and the temperature changes of the wellbore and formation during
the circulating drilling fluid stage and cement plug setting process were analyzed.
The position of the mud line is 50 m, and the geothermal gradient is 3 °C/100 m.
The basic input parameters in the model are shown in Table 1.

The well interval of 1950-2100 m, 1050-1150 m and 150-250 m of the simulated
well were selected as the research object, and the length of cement plug was 150 m,
100 m and 100 m, respectively. The established model was used for simulation
calculation. The change of wellbore temperature, hydration rule of cement plug
and change of cement plug pressure during cement plug setting were quantitatively
analyzed.

Table 1 Geometric and basic material parameters of the model

Name Diameter | Density | Elastic Poisson’s | Coefficient | Specific | Coefficient
(mm) (kg/m3) modulus | ratio of thermal | heat of heat
(GPa) expansion | capacity |conduction
(107%/°C) | (J/kg/°C) | (W/m/°C)

Cement 219.0 2200 10 0.20 11.00 837 0.98

plug

Casing 244.5 7800 210 0.30 13.00 461 45.00

Cement 311.15 2200 10 0.20 11.00 837 0.98

sheath

Formation |- 2600 22 0.23 10.50 1256 1.59
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Figure 2 shows the change of cement plug temperature at different depths with
time. Due to hydration reaction and large amount of heat generated by cement plug
in the waiting stage, the temperature of cement plug rapidly rises and reaches a
peak value. In this process, heat is exchanged between cement plug and surrounding
wellbore and formation. The temperature decreased significantly (about 8 °C) from
the peak.

3.2.2 Hydration Law of Cement Plug

Figure 3 shows the change of hydration degree of cement plug with time at different
depths. It can be seen from the figure that hydration degree increases with the increase
of waiting time in cement plug setting stage. The hydration degree of cement plug
with deep position in the stage of cement plug waiting for setting increases rapidly
and is close to 100%. The high temperature environment can accelerate the hydration
reaction process of cement plug and shorten the setting time of cement plug. However,
the hydration rate of cement plug in shallow layer is relatively slow, and it takes a
long waiting time to reach the solidification state.

Figure 4 shows the change of chemical shrinkage rate of cement plug at different
depths over time. It can be seen from the figure that the chemical shrinkage rate of
cement plug at the stage of waiting for setting gradually increases with the increase
of time, and the chemical shrinkage rate of cement plug at the shallow position is
significantly lower than that at the deep position.

Figure 5 shows the change of cementing strength of cement plug at different
depths with time. It can be seen from the figure that gel strength of cement plug
increases with the increase of time. The gel strength of the cement plug in the deep
position increases faster than that in the shallow position during the solidification
process, which means that the cement plug in the deep position preferentially loses
plasticity to reach the final setting under the action of high temperature and high
pressure, and has a certain compressive strength.
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Fig. 3 Hydration degree
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3.2.3 Cement Plug Pressure Distribution Characteristics

Figure 6 shows the change of porosity of cement plug with time at different depths.
It can be seen from the figure that the porosity of cement plug decreases with the
increase of time. The porosity of the deep cement plug is smaller and decreases faster
than that of the shallow cement plug during the setting process.

Figure 7 shows the change of pore pressure of cement plug with time at different
depths. It can be seen from the figure that pore pressure of cement plug decreases
and eventually becomes stable with the increase of time. Compared with the cement
plug at the shallow position, the pore pressure of the cement plug at the deep position
decreased significantly at the beginning of the setting process.
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depth over time 0.5 —1100 m

0.4 —200 m

0.3 r

Porosity

0.2

0.1 r

0.0 L L L L L L J
0 24 48 72 96 120 144 168

Waiting time/hour

Fig. 7 Pore pressure 35
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Conclusions

Considering hydration of cement plug during solidification stage, a transient
heat-fluid-chemical coupling model of abandoned wellbore is established. The
implicit finite difference method is used to discretely solve the simultaneous
equations, and the characteristics of temperature distribution, cement plug
hydration law and cement plug pressure distribution of abandoned wellbore
are analyzed.

Under the coupling action of heat-fluid-chemical, the temperature of deep
cement plug is almost constant after reaching the peak, the temperature of
shallow cement plug decreased significantly (by about 8 °C) and the middle
cement plug was followed by a reduction of about 5 °C. The porosity and pore
pressure of deep cement plug decreased rapidly, followed by the middle cement
plug, and the shallow cement plug was the slowest. The hydration degree, gel
strength and chemical shrinkage rate of the deep cement plug increased rapidly,
followed by the middle cement plug, and the shallow cement plug was relatively
slow.
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