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a b s t r a c t

Lost circulation is a common downhole problem of drilling in geothermal and high-temperature, high-
pressure (HTHP) formations. Lost circulation material (LCM) is a regular preventive and remedial mea-
sure for lost circulation. However, conventional LCMs seem ineffective in high-temperature formations.
This may be due to the changes in the mechanical properties of LCMs and their sealing performance
under high-temperature conditions. To understand how high temperature affects the fracture sealing
performance of LCMs, we developed a coupled computational fluid dynamics-discrete element method
(CFD-DEM) model to simulate the behavior of granular LCMs in fractures. We summarized the literature
on the effects of high temperature on the mechanical properties of LCMs and the rheological properties
of drilling fluid. We conducted sensitivity analyses to investigate how changing LCM slurry properties
affected the fracture sealing efficiency at increasing temperatures. The results show that high temper-
ature reduces the size, strength, and friction coefficient of LCMs as well as the drilling fluid viscosity.
Smaller, softer, and less frictional LCM particles have lower bridging probability and slower bridging
initiation. Smaller particles tend to form dual-particle bridges rather than single-particle bridges. These
result in a deeper, tighter, but unstable sealing zone. Reduced drilling fluid viscosity leads to faster and
shallower sealing zones.
© 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

Geothermal energy, an important renewable energy resource,
especially for off-grid locations, has received increasing attention in
recent decades because of its renewability, cleanliness, low-carbon
emission, safety and ubiquity. Therefore, geothermal energy can be
an alternative to traditional fossil energy and a supplement to the
growing energy consumption worldwide. Geothermal wells have
been the most effective technique for obtaining geothermal energy
from underground to the surface. However, drilling the well is the
primary element in the cost of geothermal energy application.
hou).
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Moreover, lost circulation has been a major factor in increasing the
costs for drilling and completion in geothermal wells because of
high temperatures (from 160 to over 300 �C), hard formation rocks
(compressive strength over 240 MPa), highly fractured (fracture
apertures on the order of centimeters) and underpressured situa-
tions. Lost circulation treatments may represent 15% of the total
well cost (Finger and Blankenship, 2010). It can also lead to trou-
blesome, unsafe and costly consequences, such as drilling fluid loss,
significant downtimes, stuck pipe, wellbore instability, well kicks,
incomplete primary cement operations and, in extreme cases, well
abandonment. The treatment for these issues can be challenging
and costly (Pierce and Livesay, 1994).

Lost circulation materials (LCMs), cementing, blind drilling and
underbalanced drilling are the most common methods to control
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lost circulation during geothermal drilling and completion. LCMs
are regularly added to the drilling fluid to prevent lost circulation
before entering the loss zone. They are also a primary treatment
after lost circulation occurs (Alsaba et al., 2014a). However, most of
the LCMs developed and used in oil and gas drilling have proven
little or no use because of the unpredictable nature of the fractures
(with widths on the order of centimeters), the complicated move-
ment of LCM particles, and the change in the mechanical properties
of LCMs at elevated temperatures (Loeppke et al., 1990; Visser et al.,
2014). Nevertheless, LCMs are still the first choice for drilling en-
gineers treating lost circulation problems because they are less
time-consuming, have low equipment requirements and are low
cost. Moreover, it is better to use LCMs to temporarily seal the pay
zones instead of permanently sealing them with cement (Finger
and Blankenship, 2010). It is noteworthy that LCMs can be added
to the cement slurry to cure severe lost circulation events induced
by large fractures.

Three typical LCMs are used in geothermal drilling: fibrous, flaky
and granular. Fibrous and flaky LCMs bridge the fracture and
transform it into a porous structure, which traps the subsequent
LCMs. Granular LCMs form a porous bridge that gradually reduces
the permeability of the sealing zone (Nugroho et al., 2017). Mica
flakes added to cement slurry have proven to be an effective rem-
edy for induced or natural fractures causing lost circulation (Visser
et al., 2014). To understand the factors influencing the fracture
sealing performance of LCM slurry, extensive laboratory experi-
ments and numerical simulations were conducted. The fracture
sealing process was found to be affected by the LCM type, combi-
nation, size distribution, shape, concentration, friction coefficient,
and elasticity and by the drilling fluid type, density, viscosity and
injection rate/pressure (Alsaba et al., 2014b; Feng et al., 2018; Bao
et al., 2019b; Ettehadi et al., 2019; Xu et al., 2019a; Savari et al.,
2012; Kaageson-Loe et al., 2009). Lin et al. (2022) noted in their
numerical simulations that the particle size, Young's modulus,
friction coefficient and concentration of the LCM determine
whether fracture sealing initiates. However, the fracture sealing
performance of LCM seems to be sensitive to temperature. The
sealing width and strength of LCMs are significantly reduced at
high temperatures (Alsaba et al., 2014b; Jeennakorn et al., 2019).
This may be attributed to the degradation of the size, strength,
friction coefficient and resilience of LCMs after high-temperature
aging (Kang et al., 2019b; Bao et al., 2019a). Unfortunately,
although it is widely accepted that high temperature affects the
fracture sealing ability of LCMs, how the properties of LCMs change
at elevated temperatures and how these changes affect fracture
sealing are still unclear.

In this study, we developed a coupled CFD-DEM model to
simulate the behavior of granular LCMs in sealing fractures. The
viscosity of the drilling fluid, particle size, friction coefficient,
Young's modulus, and Poisson's ratio of LCMs were varied to
represent a range of conditions under the geothermal temperature
range. A series of sensitivity analyses were conducted to investigate
the sealing efficiency of LCMs in fractures for temperatures up to
300 �C. We attempted to understand the mechanisms behind the
failure of conventional LCMs in high-temperature environments.

2. Effect of elevated temperature on basic properties of LCMs
and drilling fluid

The viscosity of the drilling fluid is strongly influenced by
temperature. The apparent viscosity of the drilling fluid decreases
with increasing temperature, regardless of the base fluid. However,
the plastic viscosity of the drilling fluid initially decreases and then
slightly increases with increasing temperature (Santoyo et al.,
2001; Zhao et al., 2008; Wang et al., 2012; Amani and Al-jubouri,
568
2012). Table 1 shows the variation of viscosity for different dril-
ling fluids at elevated temperatures. As the temperature rises above
200 �C, the viscosity of the drilling fluids decreases significantly at
shear rates of 1022 and 511 s�1. The drilling fluid can reach the
lowest viscosity of 0.25 mPa$S at a shear rate of 170 s�1 at high
temperature (Santoyo et al., 2001). The rheological parameters
better characterize the non-Newtonian rheology of drilling fluids
than the apparent viscosity and plastic viscosity. A water-based
drilling fluid exhibits an increasing flow behavior index and a
decreasing consistency index at elevated temperature (up to
180 �C) (Zhu et al., 2020) (see Table 2).

LCMs undergo a series of environmental changes and physical
and chemical reactions during the transport process from the
ground to the loss zone, such as increased temperature and pres-
sure, drilling fluid immersion, high-speed shearing, collision be-
tween particles and flow boundaries and collision between
particles. These factors can promote the abrasion of LCMs. Experi-
mental studies have shown that walnut shells, graphite, marble
granules, calcium carbonate, and other common LCMs experience a
significant reduction in particle size under a specific shear rate in
the drilling fluid at high temperatures for half to one day (Scott
et al., 2012; Valsecchi, 2014; Yang, 2015; Grant, 2016). Kang et al.
(2019a) demonstrated through experiments that the size degra-
dation of granular calcium carbonate by abrasion is slightly sensi-
tive to the fluid temperature (80e160 �C). Their subsequent work
revealed that walnut shell and millimeter-scale granular calcium
carbonate suffer both quality and size loss after heating to 180 �C in
an oil-based drilling fluid (Kang et al., 2019b). The experimental
results of Klungtvedt and Saasen (2022) indicated that calcium
carbonate has the largest particle size degradation, followed by
resilient graphite and the smallest granular cellulose. Decreasing
fluid viscosity can increase the size degradation rate (Kumar et al.,
2013). Therefore, the size degradation of LCMs may be exacerbated
at elevated temperatures because of the decreased viscosity of the
fluid.

The temperature sensitivity of the mechanical properties of
geomaterials has been reported. The compressive strength, friction
coefficient, Young's modulus, and Poisson's ratio are the most
critical and typical mechanical properties of LCMs. The experi-
mental results of carbonate (limestone and marble) indicate that
these properties decrease at elevated temperatures (Fig. 1). The
uniaxial compressive strength decreases from 120 to 86 MPa, the
elastic modulus decreases from 22 to 7 GPa, and Poisson's ratio
decreases from 0.3 to 0.1 after heating to 300 �C (Zhang et al., 2009;
Brot�ons et al., 2013). Kang et al. (2019b) observed that the friction
coefficient of walnut shells and calcium carbonate decreases to 28%
and 1% of the initial value, respectively, after heating to 180 �C.
Carbonate is the natural source of calcium carbonate, which is the
most popular LCM used in drilling operations. Therefore, the
temperature-induced degradation of the mechanical properties of
LCMs is a serious concern.

3. Methodology

3.1. Description of the problem

The objective of this study is to simulate the flow of LCM-laden
drilling fluid and the behavior of granular LCMs in sealing a
simplified vertical fracture. We mainly examine the effect of
temperature-induced variations in mechanical properties on the
sealing process. The fracture geometry used here is a vertical
wedge, as illustrated in Fig. 2. The fracture is 100 mm long and
25.4 mm high, with a linearly decreasing width from 1 mm at the
inlet to 0.34 mm at the outlet. We assumed that the formation is
stiff, so the fracture walls are modeled as rigid smooth surfaces,



Table 1
Variation of drilling fluid viscosity at elevated temperatures.

Drilling fluid Density, g/cm3 Temperature, �C Viscosity at 1022 s�1, mPa$s Viscosity at 511 s�1, mPa$s References

Fresh water-based 2.2 50b220 640a126 328a75 Wang et al. (2012)
Brine-based 2.2 50b220 235a89b110 125a55b44.5
Geothermal spring water-based 1.03 15b150 (22.4e39.4)a(3.8e17.2) (16.4e28.7)a(1.5e10.5) Avci and Mert (2019)
2# Diesel-based 1.32 23.9b204.4 (106e334)a(12e34) (63e190)a(9e22) Yan and Zhao (2003)
Mentor26 mineral oil-based 1.32 23.9b204.4 (160e434)a(24e58) (102e267)a(17e40)

Table 2
Size degradation of LCM particles at elevated temperatures.

LCM Rotation speed, rpm Time, min Fluid Temperature, �C D90, mm Size degradation rate, % References

Calcium carbonate 1000 30 Water-based fluid 80 44.153 35.80 Kang et al. (2019a)
100 44.153 35.37
120 44.153 34.40
120 16.435 10.57
120 27.765 28.75
120 201.431 45.05
120 510.447 59.46
140 44.153 33.40
160 44.153 33.54

Calcium carbonate 4000 30 Xanthan viscosifier solution 49 300e1400 5e80 Kumar et al. (2013)
Graphitic carbon 700e1250 14e17
Walnut 900 1
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although the fracture roughnessmay facilitate the bridging process.
Therefore, this model can be a simplified representation of a part or
the whole of a realistic subsurface fracture.
3.2. Basic theory of CFD-DEM

The behavior of granular LCMs to seal a fracture is simulated by
the coupled CFD-DEM model developed based on CFDEM®cou-
pling, an open-source CFD-DEM engine (Kloss et al., 2012; Hager
et al., 2018). The unresolved CFD-DEM approach is adopted here
because the simulation may involve approximately 100,000 LCM
particles (Hager, 2014). In the CFD-DEM, the movement of an
incompressible fluid with particles is governed by the volume-
averaged Navier-Stokes equations (Zhou et al., 2010).
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where εf is the fluid volume fraction (dimensionless), t is the time
(s), uf is the fluid velocity (m/s), rf is the fluid density (kg/m3), p is
the fluid pressure (Pa), Fpf and fpf are fluid-particle interaction
forces (N), t is the stress tensor, g is the gravitational acceleration
(m/s2), DV is the cell volume (m3), n is the number of particles, fd is
the drag force (N), fVp (including the buoyancy force) is the pressure
gradient force (N), fV·t is the viscous force (N), and f" is the sum of
other particle-fluid interaction forces (N), including the virtual
mass force, Basset force, Saffman lift force andMagnus force (Crowe
et al., 2011). F" are neglected because fd, fVp and fV·t are dominant
among all fluid-particle interactions in this paper's situation (Zhou
et al., 2010; Poła et al., 2017).
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The Di Felice model (Eqs. (5)e(8)) (Di Felice, 1994) is used here
because it is suitable for both dilute and dense particle flow. It
accurately matches the experimental terminal velocity over a wide
range of Reynolds numbers. Moreover, it has the advantage of
correcting the drag force by considering the effect of the sur-
rounding particles.
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where Rep is the particle Reynolds number (dimensionless), Cd is
the drag force (N), <up> is the averaged particle velocity in a cell
(m/s), dp is the particle diameter (m), and vf is the fluid kinematic
viscosity (m2/s).

The DEM computes the movement of each particle by consid-
ering the effects of other particles, walls or forces. The motion of a
particle comprises translation and rotation. According to Newton's
second law, the translational governing equation for a particle is

mp
dup
dt

¼ mpg þ
X
Np

Fpp þ
X
Nw

Fpw (9)

wheremp is the particle mass (kg),Np is the number of particles, Fpp
is the particle-particle interaction force (N), Nw is the number of
walls, and Fpw is the particle-wall interaction force (N).

The rotational governing equation of a particle is

Ip
dup

dt
¼ Tp þ Tr (10)

where Ip is the inertial tensor (kg$m2), up is the angular velocity



Fig. 1. Variation of mechanical properties of carbonate rocks at elevated temperatures:
(a) uniaxial compressive strength (UCS); (b) elastic modulus; and (c) Poisson's ratio.

Fig. 2. Schematic representation of the vertical wedge-shaped fracture and boundary
conditions.
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(rad/s), Tp is the torque (N$m), and Tr is an additional torque on the
particle that can model nonsphericity by a rolling friction model
(N$m).
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The Fpp and Fpw in Eq. (9) are contact forces. They are generated
when either a particle collides with another particle or a particle
collides with the wall. The soft sphere model is applied here
because of its advantages in representing collisions in dense par-
ticle systems. In soft models, nonlinear force-displacement models
are more accurate than linear spring-dashpot models, especially in
dense particle systems where interparticle interactions dominate
(Wellmann et al., 2008; Norouzi et al., 2016). During LCM slurry
placement in the fracture, particle-particle interactions play an
important role because of their high concentration. Therefore, the
nonlinear viscoelastic Hertz contact model is used here to represent
the contact forces of LCM particles.

Fpp ¼
�
kndnij �gnunij

�þ �
ktdtij �gtutij

�
(11)

where k is the elastic constant (N/m), d is the overlap distance (m), g
is the viscoelastic damping constant (N$s/m), and u is the relative
velocity (m/s). The subscripts n and t denote the normal and
tangential directions, respectively.

The elastic constants and viscoelastic damping constants in Eq.
(11) depend on the overlap distance between particles. Their re-
lationships are given by Eqs. (12)e(19).
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where E is Young's modulus (Pa), R is the radius (m), x! is the po-
sition vector,m is the mass (kg), n is Poisson's ratio (dimensionless),
and e is the coefficient of restitution of the particle (dimensionless).
Fig. 3. Model validation results for the settling velocity of a single sphere.
3.3. Basic parameter setup of the numerical model

The CFD domain is divided into hexahedral mesh cells with
dimensions of 2 mm � 2 mm � (0.34e1) mm. The characteristic
length of a single mesh cell is at least 3 times the diameter of the
particle, which ensures accurate and convergent results (Peng et al.,
2015). This size also ensures that the porosity changes smoothly.
The boundary conditions at the inlet, outlet and fracture walls are a
constant injection rate, a constant pressure and a no-slip wall,
respectively. A linear velocity of 1m/s along the fracture direction is
the initial velocity condition at the inlet. The pressure at the outlet
is zero. Gravity is 9.81 m/s2 downward along the height of the
fracture. Other field data are calculated based on these velocity and
pressure field data. The Reynolds number is a dimensionless
parameter that indicates whether the flow is laminar or turbulent.
According to the Reynolds number of the noncircular duct calcu-
lated by the hydraulic diameter, the Reynolds number in our study
is less than 100, which indicates laminar flow inside the fracture.
Although drilling fluids are typically non-Newtonian fluids, the
shear thinning behavior can be approximated as Newtonian fluids
because of the relatively low flow rate in this problem. Thus, the
drilling fluid flow is treated as a laminar flow of an incompressible
Newtonian fluid. The time steps of CFD and DEM are 10�5 and
10�7 s, respectively. Therefore, CFD and DEM couple once every 100
DEM time steps. These time steps satisfy all criteria of the Courant
number for CFD calculation, Hertz time, Rayleigh time and particle
relaxation time for DEM calculations, and response time of fluid
and particle.

A series of simulations are conducted to understand the effect of
mechanical property variations at elevated temperatures on the
fracture sealing process. The basic parameters of the simulation are
shown in Table 3.
Table 3
Simulation parameters for the fluid phase and particle phase.

Phase Property parameter

Fluid Density, kg/cm3

Dynamic viscosity, Pa$s
Particle Density, kg/cm3

Diameter, mm
Young's modulus, GPa
Poisons ratio
Restitution coefficient
The friction coefficient of particles
The friction coefficient of particle and fractur
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3.4. Model validation

The model validation is based on the experimental result of
single sphere sedimentation and the analytical result of pressure
drop through a random particle bed under steady state fluid flow.
They represent the cases where the particle-particle interaction
forces are negligible and significant, respectively (Sun et al., 2018).

Single-sphere sedimentation is a classical problem of dilute
particle flow. Concha (2009) derived a sedimentation velocity
equation of a sphere and validated it by experimental data from
Lapple and Shepherd (1940). Two more results of the settling
experiment of a spherical particle (Chakraborti and Kaur, 2014;
Rushd et al., 2019) are used for further validation of Concha's
equation. Fig. 3 shows that the experimental data of these two
studies agree well with the equation. This proves that Concha's
equation has good applicability for a wide range of sphere sizes. A
series of sphere sedimentation simulations are performed using
our developed model. The box has a size of 25 dp � 25 dp � 250 dp.
The sphere starts to settle from the center of the top face at a height
of approximately 240 dp. Six sizes of spherical particles with Rey-
nolds numbers ranging from 10�5 to 103 are simulated. The results
show that the error between our simulated data and the experi-
mental data is 2.00%e16.91%, with an average of 8.05%. Fig. 3 shows
that the results of our numerical simulation also agree well with
Concha's equation. The error between our simulated data and
Concha's equation data is 0.56%e15.31%, with an average of 7.30%.
This result is comparable to the error between the Concha equation
data and experimental data (0.15%e10.96%, average of 4.29%). The
above results validate that our numerical model is applicable for
the problem of dilute particle flow, where the particle-particle in-
teractions are negligible.
Value

1700
0.0001/0.001/0.01/0.05/0.1/0.15
2700
0.1/0.2/0.33/0.4/0.5/0.6/0.7/0.8/0.9/1.0
0.1/1/10/30/50/70/100
0.1/0.2/0.3/0.4/0.5
0.5
0/0.2/0.4/0.6/0.8/1.0

e surface 0/0.2/0.4/0.6/0.8/1.0



Fig. 4. Comparison of model calculations and Ergun quation for the pressure drop
across a random particle bed.

Fig. 5. Effect of drilling fluid viscosity on the motion and bridging of LCM particles in a
fracture. The snapshots show the LCM particles after 0.6e0.8 Vfracture (volume in the
fracture) drilling fluid is injected. The LCM particles tend to move along the fracture
length direction with few particle bridges in low-viscosity drilling fluid. The color of
each particle indicates its velocity magnitude, which reflects its movement state. The
velocity decreases as the color gradually changes from red to blue.
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Fracture sealing by LCM particles is a problem of dense particle
flow where particle-particle interactions dominate. Therefore, a
classical problem of dense particle flow, pressure drop through a
random particle bed, is also simulated for our model validation. The
equation for a pressure drop of fluid flow through a sphere bed
given by Ergun (1952) is:

DP
L

¼150mfV0

d2p
,
ð1� εÞ2

ε
3 þ 1:75rfV2

0
dp

,
ð1� εÞ

ε
3 (20)

where Dp is the pressure drop of the sphere bed (Pa), L is the length
of the sphere bed (m), mf is the viscosity of the fluid (mPa$S), V0 is
the superficial velocity of the fluid (m/s), and e is the voidage of the
sphere bed.

The pressure drop results of the fluid flow through the random
particle bed are shown in Fig. 4. The random particle bed has a size
of F13.8 mm � 15 mm and consists of 10,000 spheres of 1 mm
diameter. The voidage is 42%. The fluid viscosity is 15 mPa$S. The
CFD domain has a geometry ofF13.8mm� 55.3mm. Constant flow
velocity fluid is injected from the bottom, and the Reynolds number
is below 1 to ensure laminar flow. The top outlet pressure is con-
stant at 10 Pa. As shown in Fig. 4, the error between the simulation
results and analytical results is less than 10%. This indicates that the
proposed model is suitable for the problem of dense particle flow,
where the particle-particle interactions are significant.
Fig. 6. Fracture sealing state of LCMs under different drilling fluid viscosities after
approximately 10 Vfracture drilling fluid is injected. The dark blue color indicates that
the particles are immobile under the drilling fluid flow, which implies a successful seal.
4. Results and discussion

4.1. Effect of thermally induced viscosity reduction of drilling fluid
on fracture sealing

The effect of drilling fluid viscosity (m) reduction at elevated
temperatures on the formation of a sealing zone by LCMs is sig-
nificant, as shown in Figs. 5 and 6. The volume concentration of the
LCMs is 10% in all simulations. A sealing situation occurs when
particles stop and accumulate in a cross-section of the fracture, and
the pressure of the fracture inlet increases simultaneously. First, the
drilling fluid viscosity reduction changes the velocity of the LCM
particles at high temperatures. In low-viscosity drilling fluid, LCM
particles move faster but with a lower local concentration than in
high-viscosity drilling fluid. LCM particles travel further and bridge
faster at low viscosity (Fig. 5). However, the settlement of particles
in the fracture is negligible because of the insertion velocity,
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fracture length and particle concentration. A reduction in the
drilling fluid viscosity significantly shortens the sealing zone depth,
and sealing occurs earlier inside the fracture. When the viscosity of
the drilling fluid decreases from 150 to 0.1 mPa$S, the sealing zone
depth decreases initially and then changes little after 10 mPa$S
(Fig. 6). The results of m ¼ 0.1 and 1 mPa$S are similar, while the
results of m ¼ 10, 50, 100 and 150 mPa$S are similar. Notably, the
viscosity of the particle-laden fluid does not change with various
volume fractions of particles in the unresolved CFD-DEM model
(Blais et al., 2016). Therefore, the viscosity here is only the viscosity
of the pure fluid phase.
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The quality of the formed seal is also affected by the reduction in
drilling fluid viscosity, in addition to the changes in the location of
the formation of the sealing zone. Fig. 7(a) shows that both the
maximum and the stable pressure difference between the inlet and
outlet of the fracture decrease as the viscosity of the drilling fluid
decreases. The pressure difference is 33 MPa at a viscosity of
150 mPa$S, while it decreases to 0.17 MPa at a viscosity of
0.1 mPa$S. According to the Kozeny-Carman equation (Carrier,
2003), the pressure difference of a laminar and steady-state fluid
flow through a random particle bed is directly proportional to the
viscosity of the fluid. However, the ratio of pressure difference is
not equal to that of the corresponding viscosity. This means that
other factors besides viscosity variation also impact the pressure
difference variation. Simulation results show that the porosity of
the sealing zone under decreasing drilling fluid viscosity is 0.461,
0.469, 0.481, 0.489, 0.477 and 0.475. The porosity increases as the
viscosity decreases from 150 to 10 mPa$S and decreases as the
viscosity decreases from 10 to 0.1 mPa$S. As the viscosity drops, the
seal zone becomes looser. The flow rate at the fracture outlet
continuously decreases from 2.50 � 10�5 to 1.16 � 10�5 m3/s as the
viscosity of the drilling fluid decreases from 150 to 0.1 mPa$S
(Fig. 7(b)). The cumulative drilling fluid volume passing through
the fracture before sealing initially decreases and then slightly in-
creases as the viscosity of the drilling fluid decreases. The smallest
loss, i.e., the lowest cumulative drilling fluid volume, is obtained by
the drilling fluid with a viscosity of 10 mPa$S (Fig. 7(c)). This trend
is consistent with that of the porosity of the sealing zone. It is
noticeable that major changes in the pressure difference, flow rate
Fig. 7. Effect of drilling fluid viscosity on the flow parameters inside the fracture: (a) pressur
parameter at the final state.
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and cumulative fluid loss volume occur when the viscosity of the
drilling fluid decreases from 150 to 100 mPa$S. Below this limit,
these three parameters change slightly with viscosity changes
(Fig. 7(d)), as the viscosity of 150 mPa$S is high enough to contin-
ually destroy initially formed sealing zone and push it into deeper
positions until a stable seal forms. Therefore, the outlet flow rate
and cumulative fluid loss are much higher than those in the other
cases. The large pressure difference results from combining the
effect of the highest viscosity and flow rate of the drilling fluid and
lowest porosity of sealing zone.

The simulation results show that the viscosity of the drilling
fluid decreases as the temperature rises, which affects fracture
sealing by the LCM. LCM particles bridge faster and form a shal-
lower sealing zone with less fluid loss and a lower pressure dif-
ference in the fracture. A low viscosity of the drilling fluid means
low resistance to particle movement. The particle can move faster
to reach a suitable position to bridge in low-viscosity drilling fluid
than in high-viscosity fluids. The reduction in drilling fluid viscosity
seems to be positive for the rapid formation of the sealing zone.
However, low-viscosity drilling fluids lead to more settlement of
LCM particles at the fracture bottom. It is unfavorable for fracture
sealing if the concentration of LCMs is lower than the critical value.

4.2. Effect of thermally induced particle size degradation on
fracture sealing

Particle size is one of the essential properties of LCM design for
sealing a fracture. Size degradation of LCMparticles, which is driven
e difference; (b) outlet flow rate; (c) cumulative drilling fluid loss volume; and (d) flow
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by thermal expansion rupture and thermal abrasion (Scott et al.,
2012; Grant et al., 2016; Kang et al., 2019a), has a significant
impact on fracture sealing efficiency. The particle size can be
reduced to 20% of its original value in downhole elevated temper-
atures circulating in the environment. As shown in Fig. 8 (the last
two figures) in the size range of 1.0e0.6 Wfi (fracture inlet width),
the formation process of the sealing zone is dominated by the
single-particle bridging mechanism. For particle diameter, dp ¼ 1.0
Wfi, LCM particles seal outside the inlet due to thewedge shape and
size of the fracture. For dp ¼ 0.6 Wfi, LCM particles seal inside the
fracture, which is similar to that of dp ¼ 0.7, 0.8 and 0.9 Wfi. As the
particle size decreases from 1.0 to 0.6 Wfi, both the bridging
Fig. 8. Final fracture sealing state of LCMs under different ratios of LCM particle
diameter to fracture inlet width after approximately 10 Vfracture drilling fluid is injected.
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initiation time and bridging depth increase. For dp¼ 0.4 and 0.5Wfi,
the sealing process is dominated by a dual-particle bridging
mechanism in the near field and a single-particle bridging mech-
anism in the far field. The LCM particles bridge at a short distance
from the inlet by the dual-particle bridging mechanism, and the
escaping particles bridge again at a deeper position by the single-
particle bridging mechanism, leaving a space between these two
sealing zones (Fig. 8, middle figure). However, the stability of the
sealing zone formed by the dual-particle bridging mechanism is
weaker than that formed by the single-particle bridging mecha-
nism. The initial bridging zone may collapse in the middle (Fig. 9).
This may be because particles can more easily bridge at the top and
bottom of the fracture, where three walls provide a sort of
confinement for the particle flow. The later-coming particles pack
at the previous bridge and gradually extend to the middle. There-
fore, during the initiation of the sealing zone, the middle part is the
weakest part. For LCM particle sizes less than 0.3Wfi, the process of
sealing formation is dominated by a dual-particle bridging mech-
anism (Fig. 8, the first two figures). However, when the particle
sizes are smaller than 0.2 Wfi, the LCM particles cannot seal the
fracture through the whole fracture height at this concentration.
The formed incomplete sealing zone will eventually crash. When
the dual-particle bridging mechanism works in the size range of
0.5e0.2 Wfi, both the dual-particle bridging initiation time and
bridging depth increase as the particle size decreases. Since the
outlet width of the fracture is 0.34 mm, LCM particles smaller than
0.17 Wfi can barely bridge to seal the fracture.

The particle size also significantly influences the quality of the
sealing zone (Fig. 10). When the particle size decreases from 1i to
0.3 Wfi, the pressure difference gradually increases except for
dp ¼ 0.5 Wfi. This is because particles with dp ¼ 0.5 Wfi form two
thin sealing zones compared to the other particle sizes, which re-
sults in a lower differential pressure. Considering that the injection
rate is kept constant in our simulations, the pressure difference can
indicate the permeability of the sealing zone, so finer particles can
form a tighter sealing zone. The final flow rate and cumulative fluid
loss volume change slightly as the particle size varies. However,
dp ¼ 0.2Wfi and dp ¼ 1.0Wfi have a larger flow rate and cumulative
fluid loss than the other particle sizes, as no complete sealing zone
Fig. 9. Formation and evolution of the sealing zone by LCM particles with a size of
dp ¼ 0.4 Wfi.



Fig. 10. Effect of LCM diameter to fracture inlet width ratio on the flow parameters inside the fracture: (a) pressure difference; (b) outlet flow rate; (c) cumulative drilling fluid loss
volume; and (d) flow parameter at the final state.
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formed.
The thermal degradation can reduce the particle size, which can

increase the bridging time and the bridging depth. The bridging
mechanism also switches from a single-particle bridging mecha-
nism to a dual-particle bridging mechanism. However, the reduced
particle size can form a tighter sealing zone.

4.3. Effect of thermally induced friction coefficient reduction on
fracture sealing

The temperature increase causes the friction coefficient (f)
reduction, which affects the LCM transport behavior, as shown in
Fig. 11. Initially, different friction coefficients lead to similar LCM
transport behavior. By the time 0.2 Vfracture drilling fluid is injected
into the fracture, the transport and bridging behaviors differ from
earlier times. All LCM particles flow out through the fracture, and
no significant bridging zone forms for frictionless particles (f ¼ 0)
during the simulation period (Fig. 11, the first figure). For f ¼ 0.2, a
short bridging zone with a hole forms in the middle of the bridge in
the fracture. The coming particles try to fill this gap (Fig. 11, the
second figure). However, this bridge is unstable and collapses in the
middle region as more LCM particles follow and reach this position.
As more particles arrive, the bridging zone forms again and col-
lapses in the upper region. When all the particles are injected, the
bridging zone collapses from top to bottom and finally disappears
(Fig. 12). For f � 0.4, the bridging zone also experiences collapse in
the middle, and a significant bridging zone forms after more par-
ticles are injected. The length of the bridging zone for the friction
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coefficient f ¼ 0.4 is smaller than that of the friction coefficient of
0.6e1.0, which form similar bridges. Finally, no sealing zone forms
for frictionless (f¼ 0) and low-friction (f¼ 0.2) particles. A seal with
a similar shape and a slightly different depth forms for f � 0.4
(Fig. 11, the last three figures).

The friction coefficient has a significant effect on the quality of
the sealing zone. The pressure difference increases as the friction
coefficient decreases from 1 to 0.4. This indicates that the sealing
zone becomes tighter against fluid flow. The pressure difference
dramatically reduces at low friction values ranging from 0.4 to 0.
The flow rate at the end and cumulative fluid loss volume change
slightly when the friction coefficient decreases from 1 to 0.4. The
flow rate and cumulative fluid loss volume increase sharply at
f ¼ 0.2 and f ¼ 0 (Fig. 13).

In summary, the friction coefficient reduction increases the time
of sealing zone formation and reduces the sealing probability and
stability. For successful fracture sealing, a lower friction coefficient
leads to a tighter sealing zone because low friction means low
resistance of particles moving within a formed sealing zone, so
particles are pushed by fluid drag to pack tighter but not enough to
collapse the sealing zone.

4.4. Effect of thermally induced Young's modulus reduction on
fracture sealing

The Young's modulus (E) of the LCM affects the formation of
seals, as shown in Figs. 14e15. There are two different processes of
seal formation for various Young's modulus. For Young's modulus,



Fig. 11. Effect of LCM particle friction coefficient on the fracture sealing process. The
snapshots show the LCM particles after approximately 2.5 Vfracture drilling fluid is
injected. No sealing zone forms for f ¼ 0, a dynamic gap forms in the sealing zone for
f ¼ 0.2, and a stable sealing zone forms for f � 0.4. The lower the friction coefficient is,
the deeper the bridging position and the longer the sealing zone are.

Fig. 12. Formation and instability of the sealing zone by LCM particles with a friction
coefficient of f ¼ 0.2. The snapshots show the LCM particles after different amounts of
drilling fluid are injected. LCM particles bridge to form a seal at Vinjection (injection vol-
ume)/Vfracture¼ 1.8. The seal is crushed and a gap forms in themiddle of the sealing zone
at Vinjection/Vfracture¼ 3.7. The gap is filled and a thick but unstable sealing zone is formed
at Vinjection/Vfracture¼ 4.2. The sealing zone is crushed from the top due to the low friction
coefficient at Vinjection/Vfracture¼ 4.6. The residual sealing zone is crushed and disappears
as more drilling fluid is injected at Vinjection/Vfracture ¼ 9.5 and Vinjection/Vfracture ¼ 14.0.
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E� 1 GPa (rigid LCMs, such as calcium carbonate), similar transport
and bridging behavior of LCM particles are observed for Young's
modulus of 1e100 GPa. The LCM particles bridge in a short time and
form a sealing zone, expanding from the bridging position to the
fracture inlet (Fig. 14). The final sealing zones are also similar in
geometry. However, the sealing zone depth for E ¼ 1 GPa is slightly
deeper than the others. On the other hand, for E < 1 GPa (elastic
LCMs, such as rubber), the formation of the seal zone is different.
LCM particles also bridge in a short time, but the formed bridging
zone is unstable. The bridging zone undergoes several bridging-
576



Fig. 13. Effect of LCM particle friction coefficient on the flow parameters inside the fracture: (a) pressure difference; (b) outlet flow rate; (c) cumulative drilling fluid loss volume; (d)
flow parameter at the final state.
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crushing-rebridging-recrushing cycles. A complete sealing zone
does not form after all LCM particles flow out of the fracture
(Fig. 15).

Young's modulus has little effect on the sealing zone quality. The
pressure difference remains nearly constant for Young's modulus
larger than 10 GPa. Then, it increases significantly at E ¼ 1 GPa and
finally drops to the smallest value near zero at E¼ 0.1 GPa. The flow
rate and cumulative fluid loss volume change slightly as Young's
modulus of the LCM particle decreases from 100 to 1 GPa. Then, a
sharp drop in the flow rate and cumulative fluid loss volume occurs
at E ¼ 0.1 GPa (Fig. 16).

The simulation results show that the Young's modulus of the
LCM particles has a weak influence on fracture sealing when the
LCM is stiff, i.e., E � 10 GPa. For cases where Young's modulus de-
creases to 1 GPa, the seal forms further away from the inlet.
However, soft LCMs with E � 0.1 GPa cannot seal the fracture.

4.5. Effect of thermally induced Poisson's ratio reduction on fracture
sealing

The development of the sealing zone by LCM particles with
Poisson's ratio equal to 0.3 is shown in Fig. 14. It is similar to the
result of Poisson's ratio varying from 0.5 to 0.1. Therefore, the effect
of Poisson's ratio on the formation of the sealing zone is negligible
based on our simulation results.

Similarly, the effect of Poisson's ratio on the fracture sealing
zone quality is also negligible. The pressure difference, flow rate
and cumulative fluid loss volume change slightly as Poisson's ratio
of the LCM particle varies from 0.5 to 0.1 (Fig. 17). Therefore,
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Poisson's ratio does not affect fracture sealing by LCM particles.

4.6. Mechanisms behind the low efficiency of fracture sealing by
LCMs at elevated temperatures

Now, we can summarize the reasons why fracture sealing by
conventional LCMs at elevated temperatures usually fails. We can
first assume a case where the conventional LCMs successfully seal
the fracture and then discuss how it may fail at elevated temper-
atures. Fig. 18 summarizes the main mechanisms that lead to
fracture sealing failure at elevated temperatures. In the case of
deep/ultradeep well and geothermal well drilling, the wellbore
temperature increases as the well drills deeper or drills into the
geothermal reservoir. The properties of the drilling fluid and LCM
may change significantly at elevated temperatures. Viscosity
reduction of the drilling fluid and particle size degradation,
strength reduction, Young's modulus reduction, Poisson's ratio
reduction, and friction coefficient reduction of LCMs are some of
these potential changes due to high temperatures that can affect
the fracture sealing process.

Particle size degradation affects fracture sealingmore than other
effects. Particle size degradation comprises two aspects: reduction
of the equivalent diameter and increase of sphericity. The particle
size distribution of LCMs plays a vital role in fracture sealing, which
directly affects particle bridging and the quality of the sealing zone.
On the one hand, particle size degradation of the LCM reduces the
particle size and concentration of the bridging particles. This is
because larger bridging particles are more likely to be abraded
(Kang et al., 2019a). Therefore, the size and concentration of



Fig. 14. Formation and evolution of the sealing zone by LCM particles with a Young's
modulus of E ¼ 1 GPa. The snapshots show the LCM particles after different amounts of
drilling fluid are injected. LCM particles bridge and accumulate to form a sealing zone
that extends to the fracture inlet as more drilling fluid flows. Similar results are ob-
tained for E ¼ 10, 30, 50, 70 and 100 GPa.

Fig. 15. Formation and instability of the sealing zone by LCM particles with a low
Young's modulus of E ¼ 0.1 GPa.
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bridging particles do not satisfy bridging mechanisms, such as the
“1/3 Bridge” theory (Abrams,1977), “1/2‒2/3 Bridge” principle (Luo
and Luo, 1992), D90 rule (Hands et al., 1998), and ideal packing
theory (Dick et al., 2000). As shown in Fig. 18 case (1), LCM particles
cannot bridge until they move into a suitable narrow area in the
deep parts of the fracture, which may cause formation damage at
the pay zone. Large amounts of drilling fluid invade the formation
via the fracture in the absence of timely bridging. The fracture may
expand and propagate under large overbalanced pressures, and
severe lost circulation occurs. On the other hand, the increase of
sphericity makes the LCM particle transform from irregular to
regular. The higher regularity of LCM particles makes them less
likely to be captured by fractures (Xu et al., 2019b). Rounded
bridging is more difficult and less likely to bridge a fracture. As a
result of the two aspects of particle size degradation, the fracture
width that can be sealed by a LCM slurry is reduced. Additionally,
since the single-particle bridging mechanism changes to a dual-
particle bridging mechanism and LCM particles become more
regular as the particle size declines, the formed seal becomes less
stable and easily blows away. Under high temperature and high
shear conditions, rigid calcium carbonate-based LCMs (ground
marble, etc.) have the largest particle size degradation, some shell
LCMs (pecan hulls, etc.) have medium particle size degradation,
elastic LCMs (resilient graphite, etc.) have small particle size
degradation, and fiber LCMs (granular cellulose, etc.) have the
smallest particle size degradation. Large bridging particles in LCMs
are more prone to size degradation than small packing particles
(Scott et al., 2012; Klungtvedt and Saasen, 2022).
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The friction coefficient is the key mechanical parameter of the
LCM that affects both the fracture efficiency and sealing zone
strength. A lower LCM friction coefficient leads to lower fracture
sealing efficiency and lower fracture sealing strength (Xu et al.,
2019a). The thermal effect and increased abrasion effect at
elevated temperatures change the LCM particle from irregular to
regular (more rounded) shapes. The higher sphericity of the par-
ticles results in a lower maximum static friction coefficient and an
average sliding friction coefficient. Finally, the LCM particle is much
more difficult to bridge inside the fracture. Even if the LCM particle
forms a seal, the sealing zone may easily break down under slightly
higher pressures. As the low LCM friction coefficient leads to a
lower fracture sealing strength, the sealing zone can collapse from
the middle region and eventually disappear (Fig. 18, case (2)). The
friction coefficient of walnut shells decreases significantly under
static high-temperature aging (Kang et al., 2019b). The friction
coefficient of the gradually rounded calcium carbonate may also
decrease under high temperature and high shear.

Young's modulus and Poisson's ratio are both essential me-
chanical properties of LCMs. Elevated temperatures result in a
reduced Young's modulus and Poisson's ratio of the LCM. Reducing



Fig. 16. Effect of LCM particle Young's modulus on the flow parameters inside the fracture: (a) pressure difference; (b) outlet flow rate; (c) cumulative drilling fluid loss volume; (d)
flow parameter at the final state.
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Poisson's ratio has no effect on fracture sealing based on the
simulation results. Reducing Young's modulus means that the LCM
undergoes more deformation under a given uniaxial stress. How-
ever, the reduction in Young's modulus has little effect on fracture
sealing in the range of 10e100 GPa. When Young's modulus de-
creases to 1 GPa or lower, the bridging time and its corresponding
depth increase until it cannot bridge (Fig. 18, case (3)). On the other
Fig. 17. Effect of LCM particle Poisson's ratio on the flow parameter inside the fracture.
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hand, for successful fracture sealing, a lower Young's modulus can
lead to a tighter sealing zone, which can improve the sealing zone
strength to some extent. This means that the elastic LCMs affect the
formation and quality of the sealing zone at elevated temperatures.
However, if the Young's modulus of LCMs decreases to a critical
value at a very high temperature (such as the softening tempera-
ture in polymers), the sealing zone strength decreases. This is
because a decreasing Young's modulus results in a decreasing
strength and reduces the sealing zone strength by breaking the
LCMs. At high temperature, shell LCMs aremost likely to soften, and
the elasticity of the elastic rubber LCM is significantly reduced. As
shown in Fig. 1, the Young's modulus of calcium carbonate-based
LCM (marble) also decreases significantly above 300 �C.

The drilling fluid viscosity variation has a different effect from
other properties. The viscosity reduction of the drilling fluid pro-
motes faster and shallower fracture sealing by the LCM particles
(Fig. 18, case (4)). It also facilitates the formation of a plugging zone
by increasing the filtration loss of the LCM slurry to the fracture
surface. However, the viscosity reduction of the drilling fluid also
makes the LCM particle settle quickly. As a result, the LCM particles
settle in the bottom of the wellbore, and the concentration of the
bridging LCM particles in the drilling fluid, which reaches the
fracture, decreases. Consequently, the circulation of LCMs may not
seal the fracture. Moreover, a lower drilling fluid viscosity will
intensify the abrasion of LCM particles, which leads to a more
significant particle size degradation (Kumar et al., 2013). Thus, the
sealing zone may become difficult to form and easy to collapse.
However, the comprehensive effect of both sides of the viscosity



Fig. 18. Schematic illustration of low-efficiency fracture sealing by LCMs at an elevated temperature.
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reduction of the drilling fluid on fracture sealing by LCMs needs
further investigation.

5. Conclusions

In this study, a coupled CFD-DEM model is developed to simu-
late the behavior of granular LCMs in sealing a vertical wedge-
shaped fracture. The variations in drilling fluids and LCMs at
elevated temperatures are summarized and incorporated into the
model. The fracture sealing process by LCM particles is simulated
using various parameters for the drilling fluid and LCMs.

The results show that elevated temperature usually leads to a
degradation of the size, strength and friction coefficient of LCMs
and a reduction in drilling fluid viscosity. These variations have
significant effects on the formation and stability of the sealing zone
in a fracture. The reduction in particle size, friction coefficient and
Young's modulus of LCMs at elevated temperatures results in a
lower bridging probability, slower bridging initiation, deeper
sealing depth, and tighter but unstable sealing zone. The bridging
mechanism also changes from single-particle bridging to dual-
particle bridging as the particle size decreases. However, the
reduction in Poisson's ratio shows a negligible effect on fracture
sealing. On the other hand, the reduction in drilling fluid viscosity
makes the sealing zone form faster and shallower inside the frac-
ture. As a result of the combined effect of variations in drilling fluid
and LCM properties at elevated temperatures, a successful fracture
sealing case by conventional LCMs may become unstable and even
completely fail at elevated temperatures. To further understand the
effect of high temperature on fracture sealing performance, future
work needs to focus on more types of LCMs, the complex effect of
580
drilling fluid viscosity, and the plugging zone instability under
long-term high-temperature conditions.
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