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a b s t r a c t

To address the two critical issues of evaluating the necessity of implementing cooling techniques and
achieving real-time temperature control of drilling fluids underground in the current drilling fluid
cooling technology, we first established a temperature and pressure coupled downhole heat transfer
model, which can be used in both water-based and oil-based drilling fluid. Then, fourteen factors, which
could affect wellbore temperature, were analyzed. Based on the standard deviation of the downhole
temperature corresponding to each influencing factor, the influence of each factor was quantified. The
influencing factors that can be used to guide the drilling fluid's cooling technology were drilling fluid
thermal conductivity, drilling fluid heat capacity, drilling fluid density, drill strings rotation speed, pump
rate, viscosity, ROP, and injection temperature. The nondominated sorting genetic algorithm was used to
optimize these six parameters, but the optimization process took 182 min. Combining these eight pa-
rameters' influence rules with the nondominated sorting genetic algorithm can reduce the optimization
time to 108 s. Theoretically, the downhole temperature has been demonstrated to increase with the inlet
temperature increasing linearly under quasi-steady states. Combining this law and PID, the downhole
temperature can be controlled, which can reduce the energy for cooling the surface drilling fluid and can
ensure the downhole temperature reaches the set value as soon as possible.
© 2023 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

As the focus of oil and gas exploration and development has
gradually shifted to deep and unconventional oil and gas, the
number of deep and ultra-deep wells has increased yearly, ac-
counting for more than 20%. The high temperature in the wellbore
is a typical characteristic of deep and ultra-deep wells. The bottom
temperature of a 5000m deep well can reach 150e180 �C or higher,
and the bottom temperature of a 7000e8000 m deep well can
reach 200e250 �C. For geothermal wells, the bottom temperature is
typically above 250 �C and can reach 500 �C (Abdelhafiz et al., 2020;
Finster et al., 2015; Teodoriu et al., 2019). Such high temperature
will inevitably affect the rheological and stability of the drilling
M. Liu).

y Elsevier B.V. on behalf of KeAi Co
fluid and, in turn, affect the fluid's physical properties and the
wellhead system's pressure balance (Albdiry and Almensory, 2016;
Huang et al., 2014; Stamatakis et al., 2013; Wei et al., 2016),
increasing the risk of gas kick and mud loss in formation with
narrow safety density window. A large amount of actual drilling
data shows that the failure rate of tools and instruments such as
rotary steering, geological steering tools, and directional in-
struments is high when the temperature in the well exceeds 150 �C
(Braun et al., 2005; Sinha and Joshi, 2011).

To improve drilling safety and efficiency in high-temperature
wells, it's necessary to carry out downhole cooling research. The
related core study contents include ①the necessity of implement-
ing wellbore cooling techniques for a specific well (for example,
there is no need to implement cooling methods if the cooling limit
is still higher than the target value); ②the controlling method of
cooling parameters to reduce the energy for cooling the surface
drilling fluid and ensure the downhole temperature reaches the set
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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value as soon as possible. Significantly, the key to the two study
contents is the variation mechanism of downhole temperature
when the drilling parameters changed.

To probe into the variationmechanism of downhole temperature,
a reliable and accurate wellbore heat transfer calculation model is
needed. Currently, the downhole temperature calculationmethod in
and around oil-gas well is mainly classified into two classes. One
class involves the application of classical analytical models that rely
on conductive heat flow in cylindrical coordinates (Dowdle and
Cobb, 1975; Kutasov, 1987; Kutasov and Eppelbaum, 2003, 2005;
Santander et al., 2010; Song and Guan, 2012). These models have
been considered excellent methods in many applications due to
their simplicity, whereas these models have ignored many factors'
influence and are much different from the actual drilling heat
transfer scenario. The other class attempts to describe the transient
heat transfer processes using numerical models based on the energy
balance principle in each region of a well during drilling (Beirute,
1991; García-Valladares et al., 2006; Raymond, 1969; Wooley,
1980). However, the second class does not consider the pressure
field, which can influence the drilling fluid heat transfer parameters
like density and viscosity. In fact, the wellbore heat transfer calcu-
lation model is a temperature-pressure-coupled model.

Two aspects need to be researched to explore the necessity of
implementing wellbore cooling techniques for a specific well. One is
quantitatively exploring the impact of each influencing factor on the
well-bottom circulating temperature, and the other is to optimize
these factors to achieve the lowest downhole temperature. The
representative studies include: Keller et al.'s research (Keller et al.,
1973) indicated that the viscous flow energy, rotational energy,
and drill bit energy are pretty significant in downhole temperature
calculation; Chen and Novotny (2003) found that fluid viscosity,
fluid thermal property, pump rate, and hole size have an impact on
bottom hole circulation temperature; Marshall and Bentsen (1982)
concluded that the drilling fluid flow rate, geothermal gradient,
and depth have a significant effect on the wellbore temperature
distribution; Yang et al. (2019) found that circulation time, flow rate,
fluid density, fluid heat capacity, inlet temperature, and formation
thermal conductivity are the main influencing factors and Monte
Carlo simulation technique are used to carry out the quantitative
sensitivity analysis. However, these studies only partially considered
the impact of certain factors and did not give the optimization
method to achieve the lowest downhole temperature.

At present, the most common and convenient method for
cooling the drilling fluid is reducing the inlet temperature (Ahmad
Fig. 1. Schematic diagram of drill
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et al., 2014) with a surface cooling device shown in Fig. 1. The
cooling unit of the drilling fluid cooling equipment consists of a
heat exchanger and a coolingmedium. The heat exchanger typically
comprises large metal pipes through which the drilling fluid flows,
allowing heat exchange with the external environment to achieve a
cooling effect. The cooling medium can be water, air, or other
suitable liquid. The cooling medium undergoes heat exchange with
the drilling fluid through the heat exchanger, carrying away the
heat from the drilling fluid and thereby reducing its temperature.
This drilling fluid cooling technology uses surface cooling equip-
ment to cool the drilling fluid returning from the annular space and
then pump the cooled drilling fluid into the riser. Through the
drilling fluid circulation process, the temperature of the fluids in
the wellbore can be cooled. Although the cooling device can change
the temperature of the injection drilling fluid to the target value,
there are no methods to determine the target value dynamically.

The previous studies have made significant progress in
exploring the wellbore heat transfer mechanism and quantified the
influence of some factors which can affect the wellbore tempera-
ture. However, there is no report about optimizing these parame-
ters to achieve the lowest wellbore temperature and the concrete
controlling methods to guide reaching the downhole target tem-
perature. Hence, we will first establish a wellbore temperature
simulation model, which is used for quantifying all the influencing
factors. Then, the non-dominated sorting genetic algorithmwill be
used to solve the multi-parameter optimization problem to achieve
the optimized influencing factors. Lastly, the PID (Proportional-In-
tegral-Derivative) controller will be used to control the downhole
temperature by adjusting the influencing factors in real-time. The
concrete study routes and the internal connections among the
research contents of this paper are shown in Fig. 2.
2. Calculation model for the cooling limit of drilling fluid

Before implementing drilling fluid cooling techniques, it is
necessary to evaluate the factors that influence the temperature
profile and calculate the cooling limit of the downhole drilling fluid.
If the cooling limit is still higher than the desired temperature,
there is no need to proceed with drilling fluid cooling. This involves
solving a multi-parameter optimization problem. Within the
specified range of drilling parameters, the wellbore heat transfer
calculation model is utilized to optimize these parameters to
minimize the downhole temperature.
ing fluid cooling technology.
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2.1. Wellbore heat transfer calculation model

As shown in Fig. 3, when drilling fluid circulates in thewellbore, it
is in a flowing state, and heat exchange occurs between the forma-
tion and the annular drilling fluid. Heat exchange also occurs be-
tween the annular drilling fluid and the drilling fluid inside the drill
string. The entire circulation process of the drilling fluid in the well
can be regarded as a heat exchanger with specific boundary condi-
tions. Heat exchange occurs through convective heat transfer and
thermal conduction. Moreover, the downhole pressure and tem-
v

vt
ðrlalvlAþ rsasvsAÞþ

v

vz
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rlalv

2
l Aþ rsasv

2
sA

�
þðrlal þ rsasÞg sin qAþ vðpAÞ

vz
þ A

vpf
vz

¼ 0 (3)
perature affect the drilling fluid's physical properties parameters like
density and viscosity. And these physical properties parameters
would also affect the heat transfer in the wellbore. Hence, the
wellbore heat transfer calculation model is temperature-pressure-
coupled.
Drilling fluid flow direction

Rock cuttings

Heat conduction direction

Heat convection direction

Fig. 3. Schematic diagram of
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2.1.1. Liquid-solid two-phase continuity equation and momentum
conservation equation

The conservation equation for the solid mass of rock debris is

v

vt
ðrsasAÞþ

v

vz
ðrsasnsAÞ¼ qs (1)

The conservation equation for the liquid phase mass of drilling
fluid is
v

vt
ðrlalAÞ þ

v

vz
ðrlalvlAÞ¼ 0 (2)

The momentum conservation equation for liquid-solid two-
phase flow is
where r is the density in kg/m3; a is the volume fraction. A is the
cross-sectional area of the flow channel, m2; v is the flowing
Liquid-solid 
two phase

flow

Wellbore
temperature

Wellbore
temperature
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properties
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velocity, m/s; z is an axial coordinate in m; t is time, s; pf is the flow
resistance of the drilling fluid, in Pa; q is the well inclination angle;
qs is the cuttings' mass rate, related to the penetration rate (ROP);
The subscript l represents the drilling fluid, and s represents the
rock cuttings.

2.1.2. Energy conservation equation
The heat transfer equation for drilling fluid inside the internal

flow passage can be written as follows:

Qfe þ Qre � rmqCm
vTp
vz

�2prpihpi
�
Tp � Tw

�¼ pr2pirmCm
vTp
vt

(4)

The heat transfer equation for the wall of the drilling pipes can
be written as follows:

kw
v2Tw
vz2

þ 2rpohpo
r2po � r2pi

ðTa � TwÞþ
2rpihpi
r2po � r2pi

�
Tp � Tw

�¼ rwCw
vTw
vt

(5)

The heat transfer equation for drilling fluid in the annulus is:

Qfe þ Qre � rmqCm
vTa
vz

�2prcihciðTc � TaÞþ2prpohpoðTw � TaÞ

¼ p
�
r2ci � r2po

�
rmCm

vTa
vt

(6)

The heat transfer equation for thewall of thewell can bewritten
as

kc
v2Tc
vz2

þ 2rcihci
r2co � r2ci

ðTa � TcÞþ 2kf
r2co � r2ci

�
Tf � Tc

�
¼ rcCc

vTc
vt

(7)

The heat transfer equation for the formation (Romero and
Touboul, 1998) is

v2Tf
vz2

þ v2Tf
vr2

þ 1
r
vTf
vr

¼ rfCf
kf

vTf
vt

(8)

where T is the temperature in �C; Q, Qfe, and Qre are the internal
heat source per unit length, the friction heat energy per unit length,
and the friction rotational heat energy per unit length in W/m,
respectively; q is the drilling fluid flow rate in L/s; h is the
convective heat transfer coefficient in W/(m2$�C); r is the radial
coordinates in m; C is the heat capacity in J/(kg$�C); k is the thermal
conductivity in W/(m$�C); The subscript m represents the drilling
fluid, p represents the drill pipe, pi represents the inner wall of the
drill strings, po means the outer wall of the drill tool, w represents
the wall of the drill tool, a represents the annulus, c represents the
casing, ci represents the inner wall of the casing, comeans the outer
wall of the casing, and f represents the formation.

2.1.3. Auxiliary equation
The formula for calculating the convective heat transfer coeffi-

cient h is
8>>><
>>>:

h ¼ 4:12km
d

ðLaminar flowÞ

h ¼ 0:027Re0:8P0:033r km
d

ðTurbulent flowÞ
(9)
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where km is the thermal conductivity of drilling fluid in units of W/
(m$�C); d is the equivalent hydraulic diameter in units of m; Re is
the Reynolds number; Pr is the Prandtl number. Re and Pr are all
related to the viscosity of the drilling fluid.

The calculation formula for the frictional heat energy generated
by flow resistance and the rotational kinetic energy generated by
the drill pipes' rotation is

8>>><
>>>:

Qfe ¼ q
vpf
vz

¼ 2qf rmv2m
d

Qre ¼ Ek
DtDz

¼ Iu2

2DtDz

(10)

where f is the friction factor, which is related to the wall roughness,
Reynolds number, and fluidity index; vm is the flow velocity of the
drilling fluid, in m/s; Ek is the rotational kinetic energy, in J; Dt is the
time step, in s; Dz is the axial displacement step, in m; I is the
rotational inertia of the drill pipes, in kg$m2; u is the rotational
speed of the drill pipes, in r/min.

The wellbore is under high temperature and pressure condi-
tions, and the density and viscosity of the drilling fluid are no
longer constants. The relationship between the physical parame-
ters (such as density, and plastic viscosity) of drilling fluid and
temperature and pressure is as follows.

Fðp; TÞ¼ Fðp0; T0ÞeGðp;TÞ (11)

Gðp; TÞ¼ xpðp� p0Þþ xppðp� p0Þ2 þ xTðT � T0Þ
þ xTTðT � T0Þ2þxpTðp� p0ÞðT � T0Þ (12)

where p0 is the surface pressure, in MPa. T0 is the surface temper-
ature, in �C. r(p, T) is the density of drilling fluid when the pressure
and temperature are p, and T. m(p, T) is the viscosity when the
pressure and temperature are p and T. The left coefficients inwater-
based and oil-based drilling fluid systems are shown in Table 1.

2.2. The cooling limit calculation of drilling fluid based on the heat
transfer model and optimization theory

According to the wellbore heat transfer temperature calculation
model in Section 1.1, the following input parameters can affect the
wellbore temperature: injection temperature, pump rate, circula-
tion time, drill string rotation speed, drilling fluid density, drilling
fluid specific heat, drilling fluid thermal conductivity, drilling fluid
viscosity, casing thermal conductivity, drill string thermal con-
ductivity, drill string specific heat, casing specific heat, ROP, and
geothermal gradient. To better guide the wellbore drilling fluid
cooling, it is necessary to explore the influence patterns of each
parameter on the downhole temperature, quantify the degree of
influence of each factor, and then select the controllable parameters
for the optimization of drilling fluid cooling to obtain the cooling
limit of downhole drilling fluid.

To quantitatively explore the impact of each influencing factor
on the well-bottom circulating temperature, we use the standard
deviation caused by inputs because the influencing factors are in-
dependent of each other.

This paper adopts the Non-Dominated Sorting Genetic Algo-
rithm II (NSGA-II) (Deb et al., 2000; Deb and Goel, 2001) based on
the elite strategy for optimizing drilling fluid cooling parameters.
The core idea is to select a set of non-dominated solutions by



Table 1
The correlation coefficient of different drilling fluid systems.

Drilling fluid system Variable xp xpp xT xTT xpT

Water-based Density 4.9224 � 10�10 �9.6877 � 10�19 �3.2196 � 10�4 �1.7432 � 10�6 4.9186 � 10�13

Viscosity 2.2338 � 10�9 0 �9.3775 � 10�3 8.1202 � 10�6 7.3551 � 10�12

Oil-based Density 5.3637 � 10�10 �1.5726 � 10�8 �7.3867 � 10�4 4.4311 � 10�7 1.7564 � 10�12

Viscosity 1.1912 � 10�8 0 �1.5675 � 10�2 �1.0038 � 10�5 1.1997 � 10�11
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performing non-dominated sorting and crowding distance calcu-
lation on the population, providing an optimal solution set for
multiple objectives. The NSGA-II algorithm employs two essential
optimization strategies: non-dominated sorting and crowding
distance calculation. In non-dominated sorting, the algorithm di-
vides the population into different fronts based on the superiority
and inferiority relationships between individuals, assigning a rank
to each individual, where aminor rank indicates a better individual.
Crowding distance calculation is used to maintain the diversity of
the fronts by computing the density of the solutions around each
individual, thereby selecting the most representative solutions to
form the final non-dominated solution set. The NSGA-II algorithm
has multiple advantages, such as generating high-quality non-
dominated solution sets, preserving the diversity of the fronts, and
being relatively easy to implement. Therefore, this study adopts a
downhole heat transfer-based genetic algorithm to optimize the
construction parameters for drilling fluid cooling, aiming to make
the distribution of the Pareto optimal solution set closer to the
actual solutions. The specific solving process is shown in Fig. 4.

3. Real-time control method for the downhole temperature
of drilling fluid

The optimal cooling parameters for the downhole drilling fluid
cooling limit can be obtained using optimization theory. If the
cooling limit temperature is lower than the temperature tolerance
8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

kw
v2Tw0

vz2
þ 2rpohpo
r2po � r2pi

ðTa0 � Tw0Þ þ
2rpihpi
r2po � r2pi

�
Tp0 � Tw0

�¼ 0

Qfe þ Qre � rmqCm
vTa0
vz

�2prcihciðTc0 � Ta0Þþ2prpohpoðTw0 � Ta0Þ¼ 0

kc
v2Tc0
vz2

þ 2rcihci
r2co � r2ci

ðTa0 � Tc0Þ þ
2kf

r2co � r2ci

�
Tf0 � Tc0

�
¼ 0

v2Tf0
vz2

þ v2Tf0
vr2

þ 1
r
vTf0
vr

¼ 0

(13)
limit of downhole measurement instruments, the downhole in-
struments can function properly by implementing drilling fluid
cooling techniques. However, to conserve energy, it is not necessary
to minimize the bottom temperature. For example, a specific
1959
downhole instrument can operate under conditions where the
downhole temperature is below 150 �C, with a calculated cooling
limit of 120 �C. In actual cooling operations, the downhole tem-
perature can be maintained at 140 �C, which helps alleviate the
burden on surface cooling equipment. This involves real-time
quantitative control of the downhole temperature.

3.1. The quantitative relationship between surface cooling and
downhole temperature reduction

Adjusting drilling cooling parameters can alter the downhole
temperature. However, other cooling parameters, except for the
surface injection temperature, are not easily adjustable once they
are determined. For instance, drilling fluid thermal conductivity,
heat capacity, and density cannot be changed in real-time. Frequent
changes in pump discharge in narrow safe density windows can
result in gas kick or lost circulation. Adjusting the wellbore tem-
perature profile by modifying the surface injection temperature
offers two significant advantages: firstly, altering the temperature
profile generally does not cause significant changes in the pressure
profile; secondly, there is a monotonic relationship between sur-
face cooling and downhole temperature reduction, facilitating
downhole temperature control. This can be demonstrated through
the following deduction.

Suppose the temperature profile equations in pseudo steady
state zero can be expressed as
Only change the injection temperature, and the temperature
profile equations in pseudo steady state one can be expressed as
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Equation (14) substracted from Eq. (13) is

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:
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Add Eq. (15) multiplied coefficient s into Eq. (13), and the rela-
tionship between temperature profiles in different states can be
expressed as
8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:
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From Eq. (16), it is evident that once the changes in downhole
temperature and the variations in injection temperature (DTa, DTp)
are determined, the resulting downhole temperature change can be
expressed as sDTa when the injection temperature variation be-
comes sDTp. Namely, the variation of downhole temperature is
linear to the surface injection temperature variation, which is
conducive to the real-time control of downhole temperature.
3.2. PID-based control method for downhole temperature control

Proportional-Integral-Derivative (PID) (Ang et al., 2005; Rivera
et al., 1986) control is a linear control method. As demonstrated
in Section 2.1, a monotonic linear relationship exists between sur-
face cooling and downhole temperature reduction. Hence, a PID
control algorithm can be employed to achieve real-time control of
downhole temperature by adjusting the surface injection temper-
ature. The schematic diagram of the PID-based control method for
downhole temperature control is shown in Fig. 5.
1961
The control error e(t) is formed by the given value r(t) and the
actual output value y(t), i.e., e(t) ¼ r(t) � y(t). Proportional, integral,
and derivative operations are performed on the error e(t), and the
sum of the results of these three operations gives the control output
u(t) of the PID controller. The discrete PID expression is

uðkÞ¼ kpeðkÞ þ ki
Xk

j¼0

eðjÞT þ kd
eðkÞ � eðk�1Þ

T
(17)

where kp is the proportionality coefficient; ki is the integral coef-
ficient; kd is the derivative coefficient; u(k) is the control output
value of the controller at the kth samplingmoment; e(k) is the error
value of the input control system at the kth sampling moment;
e(k�1) is the error value of the input control system at the (k�1)th
sampling moment; T is the sampling period.

The roles of the correction loops in a PID controller are as
follows.

(1) Proportional loop: This loop responds proportionally to the
control system's error signal e(k). When an error occurs, it
generates a control action to reduce it.

(2) Integral loop: This loop is mainly used to eliminate offset and
improve the system's accuracy. The strength of the integral
action is determined by the integral time constant ki. A larger
ki results in stronger integral action, and vice versa.

(3) Differential loop: This loop reflects the trend of change in the
error signal and adjusts the differential output of the error.
When the error undergoes a sudden change, the differential
loop can control it on time and introduce an effective early
correction signal into the system before the error signal be-
comes too large. This helps to accelerate the system's
response and reduce the adjustment time. Combining the
advantages of these three loops can achieve an optimized
control performance.

tFrom a time perspective, the proportional action is aimed at
controlling the current error of the system, the integral action targets
the historical errors of the system, and the derivative action reflects
the trend of the system error's change. The combination of these



Table 2
Well structure and drilling tool assembly.

Casing shoe position, m Inner diameter, mm Outer diameter, mm Density, kg/m3 Heat capacity, J/(kg$�C) Thermal conductivity, J/(m$�C)

1500 250.2 273.05 8100 910 45
6120 180.02 200.03 8250 950 52

Drilling pipes length, m Inner diameter, mm Outer diameter, mm Density, kg/m3 Heat capacity, J/(kg$�C) Thermal conductivity, J/(m$�C)

2600 82.3 101.6 8125 880 43.75
3000 70.2 88.9 8068 890 44.25
2000 82.3 101.6 8000 840 42.36
400 57.15 120.7 8220 906 48.33
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three actions perfectly integrates the past, present, and future
aspects.

4. Real-case study.
The near-bit engineering parameter measurement system can

measure the downhole annular temperature during drilling. The
real well is an exploration well with a vertical depth of 6325 m and
a horizontal depth of 8000 m. The well structure and drill tool
combination information is shown in Table 2, and the heat transfer
calculation parameters are shown in Table 3.
3.3. Validation of wellbore heat transfer calculation model

The temperature data of the well bottom measured in the cir-
culation process is used to verify the well temperature calculation
model established, and the comparison results are shown in Fig. 6.
It can be seen from the figure that the maximum error between the
simulated well bottom temperature calculated by the above model
and the measured value is 1.9 �C. The maximum error between the
Table 3
Heat transfer calculation parameters.

Formation density,
kg/m3

Formation heat capacity, J/
(kg$�C)

Formation thermal conductivity, J
(m$�C)

2600 800 2.25

Drilling Fluid density,
kg/m3

Drilling fluid heat capacity, J/
(kg$�C)

Drilling fluid thermal conduc
(m $�C)

1080 1975.16 0.568
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Fig. 6. Comparison of temperature simulation results and measured results durin
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calculated temperature at the surface annulus outlet and the
measured temperature is 2.2 �C. The calculation accuracy of the
model meets the engineering needs and can be used for the sub-
sequent analysis of influencing factors.

Fig. 7 shows the wellbore and formation temperature distribu-
tion variations at different drilling fluid circulation times. It's clear
that the temperature of annulus drilling fluid above the lean point
6250 m increased at the early stage of circulation because the
warmer drilling fluid in the horizontal section moved into the up-
per flow passage and heated the formation near the wellbore
shown in Fig. 7(a). With the cold drilling fluid injected into the well
continuously, the drilling fluid temperature in the horizontal sec-
tion got colder and absorbed heat from the formation, leading to
the cooler of the formation near the wellbore shown in Fig. 7(b).
Although the lower drilling fluid temperature decreased, the upper
formation temperature was still less than the lower drilling fluid
temperature and was heated by the warmer flow fluid, which could
explain why the upper formation temperature increased while the
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Fig. 7. Temperature distributions at different circulation time: (a) temperature distribution at 10 min; (b) temperature distribution at 2 h; (c) temperature distribution at 4 h; (d)
temperature distribution at 8 h. The white lines stand for casings, and the solid black lines stand for the drill strings. The dotted black lines represent the geoisotherms.
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Fig. 8. Influence of injection temperature (a), pump rate (b), and circulation time (c) on wellbore circulation temperature field.

C. Wang, H. Liu, G.-W. Yu et al. Petroleum Science 21 (2024) 1955e1968
lower formation temperature decreased. As the drilling fluid cir-
culation continued, the affected formation area gradually
expanded, as shown in Fig. 7(c) and (d). Moreover, the affected
radius was less than 0.8 m after the drilling fluid circulation lasted
8 h. Hence, the formation outside a certain distance from the drill
string is not disturbed and is equal to the initial ground
temperature.

3.4. The cooling limit calculation of downhole temperature

According to the theoretical calculation model for wellbore
temperature in Section 1.1, the following input parameters are
related to the model: injection temperature, pump flow rate, cir-
culation time, drill strings rotation speed, drilling fluid density,
drilling fluid heat capacity, drilling fluid thermal conductivity,
casing thermal conductivity, drill string thermal conductivity, drill
string specific heat, viscosity, ROP, casing heat capacity, and
geothermal gradient. These input parameters directly affect the
1963
calculation results of the wellbore temperature. To better guide the
cooling technology for the drilling fluid in the wellbore, it is
necessary to investigate the influence of each parameter on the
well bottom temperature.

According to the variable-controlling approach, other factors are
always kept constant when studying the influence pattern of
influencing factors, and the factor to be analyzed is changed singly.
Using the wellbore temperature calculation model, the influence
pattern of each factor can be obtained, as shown in Table 4. When
calculating the influence of oil-based drilling fluid, the heat ca-
pacity and thermal conductivity of oil-based drilling fluid are set to
be 1125 J/(kg$�C) and 0.24 J/(m$�C).

To quantitatively explore the impact of each influencing factor
on the well-bottom circulating temperature, we use the standard
deviation caused by inputs because the influencing factors are in-
dependent of each other. The specific quantification results are
shown in Fig. 13.

From the sensitivity quantification results in Fig. 13, it can be



Fig. 9. Influence of drill strings rotation speed (a), drilling fluid density (b), and drilling fluid heat capacity (c) on wellbore circulation temperature field.

Fig. 11. Effect of heat capacity of the drilling tool (a), the specific heat of casing (b), and geothermal gradient (c) on circulation wellbore temperature.

Fig. 10. Influence of thermal conductivity of drilling fluid (a), casing (b), and drilling strings (c) on wellbore circulating temperature field.
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seen that the geothermal gradient has the most significant impact
on the temperature field of the wellbore. However, it cannot be
artificially controlled and adjusted. The thermal conductivity of the
drill string, casing thermal conductivity, drill string thermal con-
ductivity coefficient, and casing thermal conductivity coefficient
have almost no impact on the temperature field of the wellbore.
The casing thermal conductivity coefficient cannot be adjusted
1964
after entering the well. Hence, the geothermal gradient, drill string
thermal conductivity, casing thermal conductivity, drill string
thermal conductivity, and casing thermal conductivity are defined
as uncontrollable variables. Among the remaining influencing fac-
tors, the circulation time has the most significant impact on the
temperature field of the wellbore, but this value is dynamic. As
shown in Fig. 8(c), the wellbore temperature changes quickly at the
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Fig. 12. Effect of ROP (a), viscosity (b), and types of drilling fluid (c).

Table 4
Analysis of the influence law of various factors.

Influencing factors Calculation
results

Influence
pattern

Reasons

Injection temperature Fig. 8(a) b Injecting low-temperature drilling fluids into the ground can absorb more heat from the wellbore. The lower the
injection temperature is, the more heat can be absorbed, and the lower the temperature is across the entire wellbore
section.

Pump rate Fig. 8(b) ab In the early circulation stage, the higher the drilling fluid flow rate is, the higher the convective heat transfer is, and the
faster the heat dissipation of the downhole fluids is. However, the friction between the downhole fluids and the drill
string increases as the flow rate increases. When the heat generated by friction is greater than the heat dissipated by
convection, the net heat of the fluid increases, and the temperature increases.

Circulation time Fig. 8(c) a/ As the circulation time increases, the heat near the wellbore wall has already been carried out of the wellbore by the
fluid, and the heating edge gradually extends to the areas farther away from the wellbore, increasing the thermal
conductivity distance and reducing the heat conduction efficiency.

Drill string rotation
speed

Fig. 9(a) b In addition to axial fluid friction, circumferential fluid friction is caused by rotation as a heat source in the wellbore. The
faster the rotational speed, the greater the circumferential friction, so the temperature in the wellbore will be higher.
However, the rate of circumferential rotation is much lower than the speed of axial fluid flow, so the temperature
increase caused by rotational speed is insignificant.

Drilling fluid density Fig. 9(b) a The heat of the fluid is composed of rCm. Hence, the higher the density, the more significant the difference between the
flow-in and flow-out heat is. As the drilling fluid's density increases, the unit's heat dissipates proportionately, and the
temperature significantly decreases.

Drilling fluid heat
capacity

Fig. 9(c) a The heat of the fluid is composed of rCm. Hence, the higher the fluid heat capacity, the more significant the difference
between the flow-in and flow-out heat is. As fluid heat capacity increases, the heat in the unit is dissipated in
proportion, and the temperature significantly decreases.

Drilling fluid thermal
conductivity

Fig. 10(a) b The larger the drilling fluid's thermal conductivity, the stronger its ability to absorb heat from the formation is.

Casing thermal
conductivity

Fig. 10(b) b The larger the thermal conductivity of the casing is, the stronger its ability to absorb heat from the formation is.

Drill string thermal
conductivity

Fig. 10(c) / Drilling tools are not the primary carrier of stored heat, even though the larger the thermal conductivity is, the higher
the temperature of the drilling tools is. However, the stored heat in drilling tools can be ignored compared to the heat
absorbed by the fluid.

Drill string heat
capacity

Fig. 11(a) / Drilling tools are not the primary carrier of stored heat, even though the larger the heat capacity is, the higher the heat
stored in the drilling tools is. However, the stored heat in drilling tools can be ignored compared to the heat absorbed
by the fluid.

Casing strings' heat
capacity

Fig. 11(b) / The casing is not the primary carrier of stored heat, even though the larger the specific heat is, the higher the heat
stored in the casing is. However, compared with the heat absorbed by the fluid, the stored heat in casing strings can be
ignored.

Geothermal gradient Fig. 11(c) b The higher the geothermal gradient, the greater the formation's energy. The more significant the temperature
difference between the wellbore formation is, the higher the drilling fluid temperature.

ROP Fig. 12(a) b With the increase in ROP, the volume fraction of rock cuttings in the annulus increases. The thermal conductivity of the
cuttings is higher than that of the liquid phase, and the annularmixed fluid's thermal conductivity increases as the solid
phase's volume fraction increases. What is more, the heat capacity of the cuttings is lower than that of the liquid phase,
and the annularmixed fluid's heat capacity decreases as the solid phase's volume fraction increases. Therefore, with the
increase in mechanical drilling speed, the thermal conductivity of the annular mixed fluid increases, resulting in an
increase in the temperature of the annular fluid.

Viscosity Fig. 12(b) a Viscosity is closely related to the value of Re and Pr. Refm�1 and Pr fm. According to the convection heat transfer
coefficient definition in Eq. (6), the conclusion is that hfm�1. Hence, h decreases when viscosity increases, resulting in
the deduction of heat absorbed from the formation and the downhole temperature decreasing.

Water-based / oil-
based

Fig. 12(c) b Both the heat capacity and thermal conductivity of oil-based drilling fluid are lower than that of the water-based
drilling fluid. The effects of heat capacity and thermal conductivity on downhole temperature are opposite. However,
the decreasing extent of the heat capacity is higher than that of thermal conductivity in the oil-based drilling fluid.
Hence, the influence of the heat capacity decrease on downhole temperature is higher than that of the thermal
conductivity decrease, increasing the temperature of the annular fluid.
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Table 5
The varying range for the optimized parameters.

Injection
temperature, �C

Pump rate,
L/s

Rotation speed,
r/min

Drilling fluid density,
kg/m3

Drilling fluid thermal
conductivity, J/(m$�C)

Drilling fluid heat capacity,
J/(kg$�C)

ROP,
m/h

Drilling fluid viscosity,
mPa$s
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Fig. 14. Optimization results after each update.
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beginning of the circulation. However, as time passes, the bottom
temperature goes into the pseudo-steady state stage, and the cir-
culation time has almost no impact on the circulation temperature.
Therefore, the parameters that can be used to adjust the drilling
fluid temperature are: drilling fluid thermal conductivity, drilling
fluid heat capacity, drilling fluid density, drilling fluid viscosity, drill
string rotation speed, pump rate, ROP, and injection temperature.

Before calculating the cooling limit of the drilling fluid, it is
necessary to determine the allowable range of parameters used to
adjust the temperature of the drilling fluid, and the varying range of
these adjustable parameters is shown in Table 5.
1966
As shown in Fig. 14, the corresponding downhole temperature
calculation results for each population update are obtained using
the NSGA-II algorithm. It can be seen from the figure that with each
genetic evolution, the bottom hole temperature gradually de-
creases. After 40 iterations of the population, the optimized cor-
responding bottomhole temperature tends to 123.8 �C and remains
stable, proving that the optimization process converges. During
population updations, the optimization results of the correspond-
ing influencing factors are shown in Fig. 15.

The lowest bottom temperature was obtained by optimizing
eight parameters using the nondominated sorting genetic algo-
rithm. The lowest temperature corresponding to the optimized
parameters is about 13.2 �C lower than the bottom temperature
calculated for the corresponding construction parameters in Sec-
tion 2.1. This demonstrates the importance of optimizing the design
of drilling fluid cooling construction parameters. However, this
optimization algorithm generates 50 populations for each optimi-
zation parameter, and the speed of solving the numerical calcula-
tion model for the wellbore temperature field is not fast, resulting
in the entire optimization process lasting 182 min.

After 40 generation iterations, the optimized results is as fol-
lows:①the optimized injection temperature is the minimum value
in the set range, which meets the rule that the bottom hole tem-
perature decreases with the decrease in injection temperature;
②the optimized rotation speed is the minimum value in the set
range, which meets the rule that the bottom hole temperature
decreases with the decrease in drill pipes rotation speed; ③the
optimized drilling fluid density is the maximum value in the set
range, which meets the rule that the bottom hole temperature
decreases with the increase in drilling fluid density; ④the opti-
mized drilling fluid thermal conductivity is the minimum value in
the set range, which meets the rule that the bottom hole temper-
ature decreases with the decrease in drilling fluid thermal con-
ductivity; ⑤the optimized drilling fluid heat capacity is the



Fig. 15. The variation of the factors during the population iterations.
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maximum value in the set range, which meets the rule that the
bottom hole temperature decreases with the increase in drilling
fluid heat capacity; ⑥the optimized ROP is the minimum value in
the set range, which meets the rule that the bottom hole temper-
ature increases with the increase in ROP; ⑦the optimized drilling
fluid viscosity is the maximum value in the set range, which meets
the rule that the bottom hole temperature decreases with the in-
crease in drilling fluid viscosity; ⑧the optimized pump rate is not
the middle value in the set range, which is because the actual
optimal pump rate has exceeded the set range. In summary, in-
jection temperature, rotation speed, drilling fluid density, drilling
fluid thermal conductivity, drilling fluid heat capacity, ROP, and
drilling fluid viscosity have a monotonic increasing or decreasing
relationship with the bottom hole temperature. These parameters
are independent of each other, so the optimized values can be
directly determined according to the rules in Table 4. Because the
relationship between the bottom hole temperature and pump rate
is not monotonic increasing or decreasing, only the pump rate
needs to be optimized using NSGA-II algorithm. In fact, the time
required to optimize the pump rate only is 108 s.

3.5. The automatic controlling method for downhole cooling

To control downhole temperature, the downhole temperature
needs to be transferred to the surface for feedbacking the PID
system. Fortunately, many MWD devices are equipped with tem-
perature sensors. Here, we use the simulated downhole tempera-
ture added with random noise ranging from �2.5 to 2.5 �C as the
1967
measured temperature. Because downhole data cannot be trans-
mitted to the surface in real-time, the sampling frequency is chosen
as 1/600 Hz. The values of kp, ki, and kd are set to be 10, 0.00001, and
600, respectively. The surface drilling fluid cooling equipment can
make sure the injection temperature stays between 30 and 60 �C.
Other calculation parameters are the same as those in Tables 2 and
3. The controlling target of downhole temperature in the simula-
tion is 140 �C. The PID-controlled results are shown in Fig. 16.

Because downhole temperature is positively correlated with
injection temperature, the PID controller always keeps the injection
temperature at the lowest 30 �C before the downhole temperature
is higher than the target temperature of 140 �C. Meanwhile, the
surface annulus output temperature increased rapidly and tended
to be stable. Once the downhole temperature is less than 140 �C, the
proportional part in PID increases, and the controlled injection
temperature also rises to restore the bottom hole temperature to
140 �C. Then the controlled injection temperature varies up and
down with the downhole temperature, which gradually ap-
proaches the target temperature. When the circulation time
exceeded 40 h, the surface injection temperature stayed at the up
limit, and the downhole temperature started to decrease. The
reason is that the cooling formation area expanded, and the heat
transfer weakened. Fortunately, this phenomenon is meaningful to
the drilling process.

Using this PID algorithm, we can reduce the energy for cooling
the surface drilling fluid and ensure the downhole temperature
reaches the set value as soon as possible.
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4. Conclusions

(1) The ranking of the drilling parameters in terms of their in-
fluence on downhole temperature is as follows: geothermal
gradient has the greatest impact, followed by circulation
time, then pump rate, drilling fluid thermal conductivity,
drilling fluid heat capacity, drilling fluid density, drilling fluid
viscosity, injection temperature, casing thermal conductivity,
rotation speed, ROP, drill strings heat capacity, drill strings
thermal conductivity and casing heat capacity.

(2) Drilling parameters, which can help to adjust the downhole
temperature, includes drilling fluid thermal conductivity,
drilling fluid heat capacity, drilling fluid density, drilling fluid
viscosity, drill string rotation speed, pump rate, ROP, and
injection temperature. Using the heat transfer model-based
NSGA-II optimization method, the eight optimized drilling
parameters and the cooling limit can be obtained. However,
the entire optimization process lasted 182 min. Apart from
the pump rate, the seven left drilling parameters are
monotonic with the downhole temperature, and obtaining
the most suitable seven drilling parameters is easy. Hence,
only the pump rate needs to be optimized, and this process
only took 108 s.

(3) Adjusting drilling parameters can impact downhole tem-
perature, but other parameters are not easily adjustable apart
from surface injection temperature. Modifying the surface
injection temperature to adjust the wellbore temperature
profile offers two advantages: minimal changes to the pres-
sure profile and a linear relationship between surface cooling
and downhole temperature reduction.

(4) By continuously adjusting the injection temperature based
on the downhole temperature feedback, the PID controller
ensures that the downhole temperature reaches the desired
target of 140 �C. The PID algorithm provides a reliable
method for maintaining the downhole temperature within
the desired range, improving operational efficiency, and
minimizing unnecessary energy expenditure.
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