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Abstract: The exploitations of deep-water wells often use directional well drilling to reach the target
layer. Affected by special environments in deep water, the prediction of pressure loss of cement
slurry is particularly important. This paper presents a prediction model of pressure loss suitable for
deep-water directional wells. This model takes the complex interaction between the temperature,
pressure and hydration kinetics of cement slurry into account. Based on the initial and boundary
conditions, the finite difference method is used to discretize and calculate the model to ensure the
stability and convergence of the result calculated by this model. Finally, the calculation equation of
the model is used to predict the transient temperature and pressure loss of Wells X1 and X2, and a
comparison is made between the predicted value and the monitoring data. The comparison results
show that the maximum error between the temperature and pressure predicted by the model and the
field measured value is within 6%. Thus, this model is of high accuracy and can meet the needs of site
construction. It is concluded that this result can provide reliable theoretical guidance for temperature
and pressure prediction, as well as the anti-channeling design of HTHP directional wells.

Keywords: deep water; directional wells; pressure loss; hydration reaction kinetics; temperature and
pressure coupling; prediction model

1. Introduction

In recent years, the focus of oil-gas exploration and development has gradually
shifted from shallow-water areas to deep-water areas. Compared with land and shallow
water cementing, deep-water cementing operations are faced with the difficulties of high
temperature, high pressure and special environments, bringing great challenges to oil-gas
exploration and development. The annular channeling formed in the cementing stage
has also become a problem to be solved urgently in the oil, natural gas and hydrate
industries [1,2]. During the waiting on cement stage, with the progression of the hydration
reaction, the gas will gradually enter the annulus space and cause gas channeling, which
occurs when the liquid column pressure is lower than the formation pressure [3-6]. At
present, there are three mainstream views on the causes of annular channeling both at
home and abroad. In the cementing process, the residual drilling fluid caused by low
displacement efficiency forms a channeling channel. During the waiting on cement stage, a
channeling path is formed by formation fluid entering the annular gap when the annular
liquid head is lower than the formation pressure due to the weight loss of cement slurry in
the waiting on cement (WOC) stage. After cement slurry solidification, a channeling path
is formed after the setting of cement slurry because of the poor cementing quality between
the cement sheath and borehole wall, as well as the casing. In the above three viewpoints,
the weight loss of cement slurry in the WOC stage is the main cause of annular channeling.
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Therefore, it is particularly important to carry out research on the prediction of the pressure
loss pressure of cement slurry.

In the process of weight loss during the WOC stage, the continuous development
of static gelling strength leads to insufficient pressure in the cement slurry column to
stabilize the formation, which provides a driving force for the annular air channeling [7,8].
Therefore, the establishment of an accurate temperature and pressure field calculation
model and a pressure loss prediction model is a prerequisite for the safe and efficient
cementing of high-temperature and high-pressure (HTHP) wells. Regarding this field of
research, there have already been some achievements. Carter et al. [9] believed that the
bridge blinding caused by the gelatinization and filtration of cement slurry hindered the
effective transmission of the upper hydrostatic column pressure, which was an important
reason for the weight loss of cement slurry. Sabins et al. [10,11] first found that volume
shrinkage and gelatinization led to a decrease in liquid column pressure acting on the
bottom of the well, resulting in the weight loss of cement slurry, and then put forward a
corresponding theoretical model. Parcevaux et al. [12] proposed a relationship between
pressure drop in the cement slurry column and gel strength, then provided a corresponding
correlation. Sun [13] studied the pore pressure drops of three types of cement slurry due to
settling, settling—gelling (5G) weight loss and hydrated volume shrinking-gelling (HG)
weight loss, then further analyzed the relationship between the three without filtration,
revealing their internal mechanism and law. Zhang et al. [14-16] studied the important
influence of cement slurry’s stability on weight loss with a large number of weight loss
experiments based on the force analysis of cement slurry in the annulus. They also studied
the quantitative relationship between effective slurry column pressure and gas cutting
resistance and the factors that affect the former two and set up a calculation model for the
process of cement slurry setting, making the condition to cause breakthrough flow in the
annulus, which can be used for predicting and evaluating the channeling preventing the
ability of cement slurry in the process of setting. Bu et al. [17] established a mechanical
model of the weight loss of cement slurry. They concluded that the weight loss of cement
slurry is mainly related to the area of the annulus wall and the formation speed of cement
slurry. Since the slurry temperature in the annulus varies with depth, the build-up of gel
strength and pressure drop are different at different depths, and the hydraulic pressure
loss of the slurry column is calculated in sections. Li et al. [18] established an accurate
calculation model of hydraulic pressure loss of slurry and a developed sectional design
and balanced cementing methods, which provided an effective calculation model for anti-
gas channeling cementing design. Cheng et al. [19] investigated the evolution of cement
slurry properties during liquid—solid transition by tests using X-ray diffraction (XRD),
thermogravimetry (TG) and mechanical analysis and explained the causes of pressure loss
in cement slurry from a microscopic point of view. Liu et al. [20] developed an apparatus
for evaluating the pressure loss of cement slurry at HTHP conditions by scaling down the
sizes of existing apparatus. They carried out typical cement slurry weight loss pressure
experiments in vertical wells and inclined wells and proposed a piecewise calculation
method of pressure loss, which has been tested in the field.

At present, the research of different scholars on the prediction model of pressure
loss is mainly realized by the weight loss method and testing the change in static gelling
strength [21,22]. However, affected by the downhole complex environment and self-
performance of cement slurry, it is difficult to accurately calculate the actual pressure
loss merely based on existing models or experimental tests. In view of this, a model for
calculating the pressure loss in the WOC stage was derived in this research, taking into
comprehensive consideration the mutual action between the hydration reaction, tempera-
ture and pressure of cement slurry, as well as the complicated deep-water environment.
Finally, a comparison was made between the result measured on the site of Well X in a
block of a field, and the result was calculated on the basis of this model. The comparison
result verifies the accuracy and stability of the model, which can provide more safe and
effective guidance for cementing construction.
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2. Modeling
2.1. Physical Model of Wellbore

Most offshore oil-gas wells are directional wells with wellbore configuration [2]. In

the process of cement injection, when cement slurry is displaced to the design depth of
the annulus, it marks the completion of the injection and the starting of the WOC stage.
For the HTHP well, during this stage, the cement slurry will undergo a violent hydration
reaction, with temperature and pressure varying with time and space change. The model
area is divided into 3 blocks: formation, cement slurry in annular space and drilling fluid
in the casing. The model is axisymmetric about the central axis of the wellbore (Figure 1).
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Figure 1. Schematic diagram of the body structure of HTHP directional well.

2.2. Establishment for Wellbore Temperature Field Model
2.2.1. Fundamental Assumptions

When establishing the pressure loss calculation model, for the convenience of the

research, the following hypotheses were made for the model:

Above the formation is a constant-temperature zone, which is homogeneously isotropic
with constant physical parameters;

The calculation satisfies Fourier’s law, and the geothermal gradient is known, not
considering heat source and fluid thermal convection, but only considering horizontal
and vertical heat conduction;

The heat convection in the wellbore is radial steady-state heat transfer, regardless of
the axial temperature difference of the annular fluid;

The physical parameters (such as density, specific heat capacity, thermal conductivity,
etc.) of each material in this model are always constant, which do not change with
external factors. The specific heat and thermal conductivity are the same in the vertical
and horizontal directions;

Assuming that the drilling fluid and cement slurry do not mix with each other, they
do not react with each other, and the interface is stable.
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2.2.2. Model Establishment

During the WOC stage, after the injection displacement of the cement slurry in place,
with the heat exchange of the wellbore, the temperature field in the wellbore changes
in real time [23,24]. There are three main influencing factors: heat conduction between
cement slurry and drilling fluid in the casing, heat conduction between cement slurry and
formation and temperature rise of the cement slurry due to hydration heat. A cylindrical
coordinate system is plotted along the downward axial direction of the wellbore, with the
origin located at the center of the well head. In the axial direction, the wellbore formation
is separated into several control units according to the heat transfer medium and the well
structure. Then, any micro unit with length Az is taken as the research object (Figure 2).
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Figure 2. Schematic diagram of energy transfer in wellbore micro unit.

The energy exchange between the micro unit and adjacent micro unit above is ex-
pressed as:
Thf - be
— z+Az
Q1 = Aukdef Az
where A, is the cross-sectional area of the annular space, m?; k. is the thermal conductivity
of cement slurry, W/(m-K); At is the time stepping, s; Tjf is the temperature of the drilling
fluid, K; and Az is the length of the micro unit, m.
The energy exchange between the micro unit and adjacent micro unit below is ex-
pressed as:

: M

Tﬁf

- T
z df
Az

where A, is the cross-sectional area of the tubular string, m?; and kdf is the thermal
conductivity of the drilling fluid, W/(m-K);
The energy exchange between cement slurry and the formation is presented as:

Q2 = Ackysirt h @

Q3 = 27ry Uy (To o — Te) AtAz ©)]

where r, is the radius of the wellbore, m; U, is the overall heat transfer coefficient from the
annular space to the formation, W/ (m?-K); T, o is the temperature at the interface between
the wellbore and formation, K; and T, is the temperature of the formation, K.

The energy exchange between the cement slurry and the casing is shown below:

Qu = 27tr, U, (TC - Tdf)AtAz @)
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where r; is the inner diameter of the casing, m; U, is the overall heat transfer coefficient
from the casing to the annular space, W/(m?K).

The energy gain and loss of the micro unit satisfies the law of conservation of energy.
Based on this, the heat conduction model of the formation, the drilling fluid in the cas-
ing and the cement slurry in the annulus and the corresponding difference form can be
obtained:

The internal of formation: The heat transfer in formation satisfies the heat diffusion
equation:

*T, 0°T, 10T,  pece 0T,
2 e Tk ot

©)

where p, is the density of the formation, kg/m?3; c, is the specific heat capacity of formation,
J-)kg~1.K~1; and k, is heat conductivity of the formation, W/(m?K).

Heat conduction model of drilling fluid in the casing: The energy variation of the
micro unit with length Az comes from the energy exchange of the adjacent micro units
above and below it and the heat exchange between the casing and the annular space. The
heat conduction model and the corresponding difference form are expressed as follows:

(Tdf‘t—l—At — Tdf‘t) CfpfACAZ = mecillc(TC — Tdf) AtAz—

©
Ackgpat ™ \Z—A?HHZ - AckgpAt Tdf|z+gzz— Tagl,

Heat conduction model of cement slurry in the annular space: The energy change of
the micro unit with length Az was derived from the energy exchange with the adjacent
micro units above and below it and the heat exchange between the casing and the annular
space, the heat conduction between the annular space and formation and the hydration
heat caused by cement slurry itself.

For the HTHP well, hydration heat of cement slurry is also a problem to consider, as
it can lead to a temperature rise of the cement slurry and accelerate the hydration rate of
cement slurry. The heat released by cement slurry in the annular space can be calculated
on the basis of hydration kinetics:

Q= (“|t+At - ‘X) QmaxPcAaAZ (7)

According to the law of conservation of energy, and Equations (5)—(7), the heat transfer
model of cement slurry in the annular space can be expressed as:

(Telirar = Tely)eepeAadz = (&l — &) QmaxpeAaAz
—27tr U, (TC - Tf) AtAz + 271Uy (Too — To) AtAz ®)
—AgkcAtiTClZ_ATZ”lZ’AZ + AakcAtiT“‘”izz_ Lel,
where Q is the hydration heat of cement slurry at any time, J/kg; a is the degree of
hydration of cement slurry; Qmax is the total heat released by hydration of cement slurry,
J/kg; and p. is the density of cement slurry, kg/m?3.
Rewriting Equation (6) in differential form:

oT : ke 0°T

A 2olle gy, b 20 )
ot CfPfAC Crof 0z

Combined with Equation (8), Equation (9) can be expressed as the following difference

form:
oT.  2mryly,

ot CePpeAa (10)

(Te,O - Tc)

27T1’Cluc QOO a“ kC aZTC
CepeAq (TC f) * cc Ot cope 072
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2.3. Establishment of Prediction Model of Pressure Loss of Cement Slurry

After cement slurry is in place, a spatial grid structure with certain strength is formed
with the passage of time. Meanwhile, due to the water loss and volume shrinkage of
cement slurry during solidification, the cement slurry column has a downward tendency
under the action of its own weight and the pressure of the upper slurry column, forming
the overall cementing suspension weight loss effect of cement slurry. With the progress
of the hydration reaction, the gel strength of cement slurry increases gradually, and the
cementing suspension capacity of the grid structure becomes stronger, sharing partial
hydrostatic fluid column pressure. Consequently, a constant reduction was seen in the
effective pressure of the cement slurry column [25].

During the solidification of cement slurry, for the selected cement slurry cells in the
grid structure, the cement slurry’s column pressure is:

41,Az
P = pcgAz — 5 s (11)

w T D co
where P, is the cement slurry’s column pressure, Pa.
Moore et al. [26] proposed an overall cementing suspension weight loss effect of
cement slurry on the basis of the classical shear stress model. For directional well, the
forces on the model will change. In this model, the cement slurry unit is subjected to five
forces (Figure 3):

P

A z

G G
Az
G
B f 'i  z4Az
F, F,

Figure 3. Schematic diagram of forces of the cement slurry micro unit.
The downward force from the upper slurry column:

_ Py x (D3 —DZ)

B 1 (12)
The upward force from the lower slurry column:
P, x (D3, — D
p, = P2 7(Do = D) (13)

4
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Gravity of cell itself:
oo nt(D2 — D2,)yAz
4
where 7 is the volumetric weight of cement slurry, M/m?;

Due to the gelling suspension effect, the cement slurry is subjected to the upward
cementing suspension force from the shaft wall and the casing:

(14)

F =1 x 1(Dy + Dg) X Az (15)

Holding power N perpendicular to the surface of the annular space:
For the cement slurry cell, to meet the force balance, the axial and vertical forces of the
cement slurry on the wellbore satisfied the following equation:

(G—F)cosa —Fp—F=0 (16)

(G—F)sina—N =0 (17)

The effective slurry column pressure at the WOC stage of the cement slurry can be
obtained as:

47,Az
P, =vA - 18
> = YAz cosw Dy — Du (18)
The corresponding pressure loss could be expressed as:
4T,Az
Ap=—>" 19
¥~ Dy, - Do 4

where Ap is the pressure loss, Pa; T; is the static gelling strength of cement slurry, Pa; Dy, is
the diameter of wellbore, m; and D,, is the outer diameter of the casing, m.

In the process of cementing, the pressure loss at different depths and moments could
be calculated as the following equation:

aip 47,
Frl max{Dw — Dco,pwg} (20)

where py, is the density of pore water, kg/m?.

2.4. Hydration Kinetic Model of Cement Slurry

Hydration kinetics is a method for dynamic research on the hydration reaction based
on its internal influence factor (the structure of cement slurry) and external influence factor
(the reaction conditions), which can dynamically simulate and depict the hydration process
so as to reveal the macro and internal mechanisms of the hydration reaction. For hydration
kinetics, the hydration kinetic model of cement-based materials proposed by Krstulovi¢
et al. [25] is widely recognized. In this model, the hydration reaction of cement slurry is
divided into three processes: nucleation and crystal growth (NG), interactions at the phase
boundaries (I) and diffusion (D). The kinetic equations between hydration degree and the
reaction time of the three processes and their corresponding differential forms are shown
in Equations (21)—(23):

NG Process:

S

{ ol = el 2l (21)
% = Knon(1—a)[~In(1 —a)] =

I Process:

Kl(t - tO) (22)

(=00

= 3K;(1 - «)

I H
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D Process:

@I=

[1— (1-a) }2 = Kp(t — to)
de  3Kp(-a)3 (23)
2[17(1%)%}

dt —

where 1 is the order of chemical reactions; Ky is the reaction rate constant for the process
of nucleation and crystal growth, s~!; K is the reaction rate constant for the process of
interactions at the phase boundaries, s~!; Kp is the reaction rate constant for the process of
diffusion, s~1; and t( is the terminal stage of the induction period, s.

Isothermal calorimetry can be used to obtain the relationship between the heat release
rate dQ/dt, heat release amount Q and time f of the hydration. The hydration degree is
usually described by hydration heat and other parameters easy to quantify. The relationship
between hydration degree and hydration time is presented as follows:

o= Q(t)/Qmax (24)
de  dQ/dt
E B Qmax (25)

where ¢ is the hydration reaction time of cement slurry, s; Q(t) is the heat released by the
hydration of cement slurry over time, J/kg; and « is the hydration degree of cement slurry.

Chemical reaction rate is significantly affected by temperature. Generally, the hydra-
tion rates of cement slurry are higher at higher temperatures. However, for the HTHP
well, the wellbore at different depth experiences different temperatures and hydration
rates. According to reference [27], the impact of temperature on the chemical reaction rate
constant can be expressed by the Arrhenius equation:

K = Koe Ee/RT (26)

where K is the reaction rate constant, s~ 1; K is the prefactor, also called frequency fac-
tor, s~ 1; E, is the activation energy of the reactant, J-mol~!; R is the ideal gas constant,
J- K 1-mol~!; and T is the thermodynamic temperature, K.

The progress of the chemical reaction is mainly changed by the impact of temperature
field and pressure field on the chemical reaction rate constant. Combined with Equation (9),
the relation between chemical reaction rate and temperature and pressure is reflected as

follows [28]:
E,/1 1 AV
_ x ,—Eq/RT | Ea _ AV ipr_ P
K= Kye {R (T, T> R (T, Tﬂ 27)

where K, is the chemical reaction rate constant at the reference temperature and pressure,
s~ 1. T, is the reference temperature of the chemical reaction, K; T is the temperature of the
chemical reaction, K; p;, is the reference pressure of the chemical reaction, Pa; and p is the
pore pressure of cement slurry, Pa.

3. Calculation of the Model

In the cementing process of the HTHP well, the hydration heat has a large influence
on the temperature and pressure, and there is also a mutual influence between the tem-
perature and pressure. Therefore, when studying the pressure loss in the WOC stage, the
temperature field, pressure field and the hydration kinetic model of cement slurry are
coupled by the finite difference method to calculate the model.

3.1. Initial and Boundary Conditions

The following initial and boundary conditions are provided for calculation of the
model established in this paper:

1. Initial conditions:
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Before the initial hydration, the cement slurry enters the annular space between the
casing and the wellbore. The initial condition of the waiting cement slurry is the tempera-
ture of the cement slurry at the end of the injection displacement cycle, which is calculated
by using the circulating temperature prediction model stated in References [29,30]:

10T  dTf  2mr, U,
it T A (Tc — Tf) (28)
vf ot dJz crwy
1 aTC aTc o 27‘[7’qu 27T1’CZUC
T e T =T = e (T ) (29)

where wy = Acvgpy is the mass flow rate of drilling fluid in the casing, kg/s; w, is the
mass flow rate of cement slurry in the annular space, kg/s; A is the cross-sectional area of
casing, m?; and v ¢ is the circulating velocity of drilling fluid in casing, m/s.

The temperature of the constant-temperature layer is known. As the depth increases,
the ground temperature increases linearly in depth and can be calculated on the basis of
the geothermal gradient:

Te(r — 00,2, t) = 28, €08 0 + Teonst (30)

where g ris the geothermal gradient, °C/100 m; 6 is the deviation angle, °; and Ty is the
land surface temperature, °C.
The initial hydration degree of cement slurry is zero:

Délt:o =0 (31)

According to the hydrostatic fluid column pressure of cement slurry, the initial pres-
sure of cement slurry can be calculated:

p(2)|t=0 = pcgz (32)

2. Boundary conditions:

Infinitely away from the borehole, the formation temperature is the original static
temperature of the formation:
oT,(r,z,1t)

5 =0 (33)

r—roo

Because of the axisymmetric calculational domain, the borehole center satisfies the

adiabatic condition:

oT
| =0 (34)

r=0

The annular temperature and casing temperature in the bottom of the well are identi-
cal:
Te(z=H,t) = Tf(z = H,t) (35)

The pore pressure of cement slurry at the wellhead position is environmental pressure:
Po = Pen (36)

The formation temperature is the undisturbed ground temperature at a certain distance
below the well bottom:

T, (7'/ z4+7, t) = Teonst +tg (Zd + ZI) (37)
The heat transfer at the wellbore-formation interface can be expressed as:

M,  T.-T, T,
B P Ty, gk ©8)
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where T}, is the wellbore-formation interface temperature, °C.

3.2. Grid Division

Considering that the borehole diameter is much smaller than the length of the wellbore,
the model is designed axisymmetric to the center axis of the wellbore in the direction of the
borehole diameter.

3.3. Discrete Calculation of the Model

In the process of calculating the model, considering the coupling effect of various
factors, the above partial differential equations are transformed into finite difference form
by using the finite difference technology of the grid unit on the basis of the above-calculated
grid unit in order to improve the calculation accuracy and efficiency:

T(m+1) _ T(m) _ 2mrgUcAt [T(m) _ T(M)} 4 27 UaAt {T(m) _ TC(T)}

c,i ol CepcAa ci T T fi ccpcha 1,0 , (39)
(m) (m) (m)
o [ (m+1)  (m)] | keat Tt —2Teiqa+Tei”
+% 0‘1 - 0(1 :| + CcPc - Az;l '
4T, A
l§m+l)::pyﬁ4)+1nax{n;izlpngz} (40)
Dw - DCO
n—1
a}mﬂ) = ocl(m) + Kngn {1 - zxfm)} {— In [1 - afmq } "At (41)
a" Y = o™ 43K [1 - 0" | At (42)
[1-a]?
Kp|l—a"
3 D
lxl(mﬂ) _ al(m) + 5 ! (43)

{1—{1—aﬁq%}At

where M is the last node in the horizontal direction; N is the node at the position at the
bottom of the well; # is the order of chemical reactions; m is the time node; i is the space
node in the vertical direction; and j is the space node in the horizontal direction.

3.4. Coupling Solution Method

In order to obtain the wellbore temperature and pressure of the HTHP directional well,
it is necessary to use the iterative method for calculation. The concrete solving method is as
follows: input basic parameters, initial conditions and boundary conditions; mesh radially
and axially (Figure 4) and define initial nodes and step sizes; according to the current
initial conditions, the temperature, pressure and hydration dynamics parameters at node
i are calculated and updated; according to the hydration kinetics model, the hydration
kinetics parameters of cement slurry at node i are calculated; combined with the established
temperature field model, the transient temperature of node i is calculated; combined with
the established pressure field model, the transient pressure of node i is calculated; the
temperature and pressure calculation results are checked as per the test data to see whether
they reach the required accuracy or not. If not, the calculation should be restarted from
Step (3); if yes, the calculation is ended, and the calculation of the next time node is started;
output the result.

In order to clearly express the coupled iterative calculation process, a calculation
flowchart is drawn (Figure 5).
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Figure 4. Schematic diagram of grid division.
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Output
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Figure 5. Calculation flowchart of the pressure loss prediction model.

4. Case Analysis

There is a block with 90 m in water depth, 4000-4200 m in buried depth of the
reservoir, about 2.30 in pressure coefficient of the reservoir and 195-215 °C in the reservoir
temperature, belonging to a typical HTHP gas field. In order to verify the reliability of
the model established in this research, a case analysis was carried out on Wells X1 and X2
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in this block. The basic parameters and physical parameters of this well are illustrated in
Tables 1 and 2.

Table 1. Basic parameters of Well X1.

Parameter Value Parameter Value
Well type Directional well Thermal conductivity of formation (W-m~1.K~1) 2.03
Well depth (m) 5150 Thermal conductivity of cement (W-m~ LK1 1.03
Water depth (m) 90 Thermal conductivity of drilling fluid (W-m~1.K 1) 0.83
Lowering depth of casing (m) 5145 Thermal conductivity of casing (W/m-K) 48.37
Kick off point (m) 4350 Density of formation (kg-m*3) 2241.7
Well diameter (mm) 212.725 Density of drilling fluid (kg-m~3) 2320
Outer diameter of casing (mm) 177.8 Density of cement slurry (kg-m~3) 2400
Inner diameter of casing (mm) 152.5 Specific heat capacity of drilling fluid (]-kg_1 K1 1600
Temperature at mud line (°C) 10 Specific heat capacity of cement slurry (J-kg=1-K~1) 1840
Geothermal gradient (°C 100 m 1) 4 Specific heat capacity of formation (J-kg~!-K™1) 840

Table 2. Basic parameters of Well X2.

Parameter Value Parameter Value
Well type Directional well Thermal conductivity of formation (W-m~1.K~1) 2.03
Well depth (m) 5570 Thermal conductivity of cement (W-m~1.K~1) 1.03
Water depth (m) 90 Thermal conductivity of drilling fluid (W-m~1.K™1) 0.83
Lowering depth of casing (m) 5560 Thermal conductivity of casing (W/m-K) 48.37
Kick off point (m) 4600 Density of formation (kg-m~3) 2241.7
Well diameter (mm) 212.725 Density of drilling fluid (kg~m*3) 2370
Outer diameter of casing (mm) 177.8 Density of cement slurry (kg-m~3) 2400
Inner diameter of casing (mm) 152.5 Specific heat capacity of drilling fluid (J-kg~*-K~1) 1610
Temperature at mud line (°C) 10 Specific heat capacity of cement slurry (]~kg_1 K1 1840
Geothermal gradient (°C 100 m 1) 4 Specific heat capacity of formation (J-kg~1-K~1) 840

The sensor was placed into well X1 to monitor the temperature of the cement slurry
in real time. The monitoring values were compared with the results calculated by the
temperature field model in this paper. The comparison result is shown in Figure 6. The
comparison result (Figure 6) shows that, without considering the hydration reaction, the
maximum error between the predicted results of the model and the monitored values
reaches 21.6%. The maximum error between the predicted results and the monitored
val-ues is only 5.8% when hydration is taken into account. It shows that the influence of hy-
dration reaction on the wellbore temperature field cannot be ignored, and the temperature
field model established based on the hydration reaction can simulate the actual wellbore
temperature well.

180
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Temperature (°C)
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Predicted temperature (Not considering hydration reaction)

20

Predicted temperature (Considering hydration reaction)
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Time (min)

Figure 6. Comparison between the calculated temperature and the measured results.



Energies 2021, 14, 8180

13 of 15

The pressure loss of the cement slurry in the X1 well was monitored in real time by
the sensor. The comparison result (Figure 7) between the predicted value calculated by the
prediction model and the measured value shows that the pressure loss prediction model
based on the hydration reaction dynamics of cement slurry can better simulate the actual
pressure loss of cement slurry and meet the demand of anti-channeling.

25
20
~
2
~ 15
)
2]
=)
=
“E) 10
i
& Pressure loss model(Considering hydration reaction)
A 5 F Pressure loss model(Not considering hydration reaction)
Field test data
0 1 1 1 1 1 1 1 1 1 1

0 30 60 90 120 150 180 210 240 270 300 330

Time (min)

Figure 7. Comparison between the calculated pressure loss and the measured results.

Similarly, in the cementing process of Well X2, the sensors were attached to the outer
wall of the casing at depths of 1470 m, 2500 m, 3720 m, 4540 m and 5318 m. Transient
data of temperature and pressure at different depths were collected by different sensors in
real time and compared with the calculated results of the model in this paper. As shown
in Figures 8 and 9, the comparison results show that the trend of the predicted values
and monitored values is basically consistent, and the maximum error is no more than
6%. The transient temperature and pressure calculated by this model can simulate the
actual situ-ation of the site well and better guide the evaluation of the anti-channeling
performance of cement slurry and the optimization design of cement slurry systems.

measured results at 1470m
measured results at 2500m
measured results at 3720m
measured results at 4540m
measured results at 5318m

210

—@— calculated results at 1470m
—— calculated results at 2500m
—— calculated results at 3720m

calculated results at 4540m
—— calculated results at 5318m

Temperature (°C)

Time (min)

Figure 8. Comparison of calculated temperatures and measured temperatures.
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Figure 9. Comparison of calculated pressures and measured pressures.

5. Conclusions

A WOC pressure loss prediction model for HTHP wells is established according to
the law of conservation of energy and the basic principles of hydrostatics. Then, coupled
calculation of the temperature, pressure and hydration kinetic models is established by
using the numerical difference method. The results obtained by iteration of the calculation
process are conducive to the accurate prediction of the analytical solution of the wellbore
temperature field, pressure field and pressure loss in the WOC stage, which ensures the
convergence and stability of the model.

Under the action of the heat of hydration, the temperature of the cement slurry
increases rapidly, leading to changes in the temperature field. Meanwhile, the change in
the wellbore temperature field will react to the hydration reaction of the cement slurry
and accelerate its hydration reaction rate. For HTHP wells, the properties of the large
temperature difference will inevitably bring about temperature field changes.

As indicated in the results of the comparison between the predicted result and the
measured result, the former fits the latter highly, with error controlled within 6%. Hence,
this model can be well used to predict the pressure loss of HTHP wells and provide a basis
for anti-channeling and pressure stabilization design in the WOC stage.

For the cementing operation of deep-water wells, it is necessary to consider that the
low-temperature environment of the mud line and the heat release from the formation
heat source will affect the waiting time of cement slurry, which may have an impact on
the wellbore temperature field and the pressure loss the cement slurry. This is also the
direction to be studied in the future.
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