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Great difficulties have been encountered in the study of the seal failure of casing connection. The in situ microscopic seal surfaces
under complex loads are hard to be obtained due to the engagement characteristics of thread. In this study, a method to construct
the microscopic seal surfaces of a specified 7 casing PTC under complex loads was proposed. Then, the lattice Boltzmann
method (LBM) was applied to simulate the fluid flow inside the microchannel between the seal surfaces. The effect of pressure
gradient and wettability on the flow behavior of a multicomponent fluid system at the microscopic scale was analyzed.
Pressure gradient has a huge influence on the volume fraction of sealing compound and the average velocity of displacing
fluid. The volume fraction of sealing compound decreases with the increase of pressure gradient. Break-through can be
observed for fluid systems with relatively larger pressure gradient. For the systems with Ap =0.658, Ap =0.439, and Ap =0.219,
the break-through time steps are around 61000, 99000, and 295000, respectively. Wettability has huge impact on the
distribution of sealing compound, and break-through was not observed for the fixed pressure difference Ap=0.110 with
various wettability. It is expected to provide some new insights for understanding the seal failure of casing connections at the
microscopic level.

1. Introduction

A notable growth in the proportion of deep and ultradeep
wells over the world has been observed in recent years. As
the well depth increases, the service environment of oil and
gas tubular strings becomes more severe. Tubular strings
may not only bear huge axial tension, large bending
moment, and high external pressure but also may face the
challenges brought by high temperature (150°C~300°C),
high pressure (up to 241 MPa), harsh geological conditions,
and corrosive environments. The integrity of tabular strings
will be seriously damaged when facing such severe condi-
tions. According to statistics, annular pressure exists in more
than 50% of the ultradeep gas wells in key blocks of TLM oil

and gas field, and one of the main causes responsible for that
issue is the seal failure of tubular strings [1].

The integrity of tubular strings has been studied by many
scholars from the aspects of crustal stress, formation creep,
fault dislocation, corrosion environment, hydraulic fractur-
ing conditions, and cement ring seal failure [2-7]. Most of
them consider the string as a whole; less attention was paid
to threaded connections. However, statistics show that about
90% of the integrity failures relate to the seal failure of
threaded connections in gas wells [8]. Moreover, this kind
of seal failure also occurs in recognized high-quality pre-
mium threaded connections (PTC), whose sealing perfor-
mance has been rigorously validated in the laboratory.
Focusing on the seal failure of threaded connections, several


https://orcid.org/0000-0003-1311-3816
https://orcid.org/0000-0001-7551-5680
https://orcid.org/0000-0001-6532-2930
https://orcid.org/0000-0001-9246-4424
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/5293830

researches have been carried out. Schwind discussed various
factors that affect the sealing performance of API round
threaded connections, and the equations for stress and leak
resistance were proposed based on the elastic theory [9].
Gong studied the effect of the tolerance of thread height,
thread angle, and thread taper on the sealing performance
of standard API casing threaded connections [10]. Xu et al.
proposed an analytical method to discuss the influence of
the wall thickness and the taper of seal surface on the sealing
performance of non-API casing threaded connections [11].
Based on the Hertz equation and sealing contact energy,
Xu et al. established an analytical model for calculating the
gas tight seal pressure of PTCs and studied the effect of
spherical radius, cone and taper, and the applied torque of
the seal surface on the gas tight sealing performance of con-
nections [12]. It should be pointed out that the above analy-
ses based on the classical elastic theory are surely incapable
of describing the elastoplastic deformation of threaded con-
nections under complex loads.

However, under complex loads, the elastoplastic defor-
mation of threaded connections is one of the highly con-
cerned factors. Except for the analytical methods, some
researchers turn to methods combining experiments and
numerical analyses. Mimaki et al. pointed out that the con-
tact pressure of gas tight seal was 5.6 to 6.0 times that of
water tight seal through 2D finite element analyses (FEA)
and physical testing [13]. Ogasawara et al. studied the seal-
ing performance of metal-to-metal sealing structures [14].
It is found that the critical leaking pressure relies on both
the average contact pressure and the contact area. Marie
et al. studied the metal-to-metal seal under the make-up tor-
que and developed a test equipment and a calculating
method for measuring the fluid leakage rate [15]. Other var-
iables such as seal material properties, use or not of sealing
compound, and surface topography also affect the seal per-
formance. Murtagian et al. studied the influence of contact
pressure and length, load history, and the use of sealing
compounds on the effectiveness of stationary metal-to-
metal seals [16]. A criterion containing a sealability parame-
ter and a critical value obtained from experiments was pro-
posed. The leakage threshold following the proposed
criterion is more conservative than ISO 13679. Xie et al.
modified this criterion and proposed that the seal contact
strength (the integral of the sealing pressure with respect
to the effective seal length) of 250 N/mm is the acceptable
leakage threshold for high temperature wells [17, 18]. Wang
et al. studied the distribution of contact pressure and contact
length of two sealing structures, e.g., cone-cone and sphere-
cone, with 2D FEA, and obtained the variation characteris-
tics of sealing performance for the two sealing struc-
tures [19].

It is worth mentioning that the results obtained by 2D
FEA are incapable of accurately reflecting the contact state
of the seal surfaces since the helix angle of thread has been
ignored. Few studies have successfully implemented 3D
FEA of threaded connections in ANSYS and ABAQUS
[20-24]. The necessity of applying 3D FEA instead of 2D
FEA has been demonstrated in these studies. Since the helix
angle of thread is ignored in 2D FEA, the contact state of the
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seal surfaces cannot be accurately reflected. Under complex
loads, the deformation of the seal surfaces of threaded con-
nection is quite complicated as well as the estimation of
the contact behavior of the seal surfaces. For a long period
of time, most researchers suppose that as long as the average
contact pressure on the metal-to-metal seal surface of
threaded connection surpasses the fluid pressure inside the
pipe to be sealed, leakage will hardly be observed. Unfortu-
nately, in practice, leakage still occurs for metal-to-metal
sealing structures designed following the above perception.
It is quite reasonable to assume that the existence of advan-
tage channel at the microscopic scale is responsible for those
leakages, since existing processing methods inevitably lead to
surface roughness. Therefore, the flow behavior inside the
microchannels between the seal surfaces is of great impor-
tance to understand the seal failure of casing connection.

The lattice Boltzmann method (LBM) is a method for
computational fluid dynamics based on the mesoscopic
kinetic theory [25, 26], with several well-known features
such as high computational efficiency, easiness of handling
complex geometric boundaries [27], and natural parallelism
in algorithm. The LBM has been widely used for simulating
flow problems of multiphase or multicomponent fluid at the
microscopic scale [28-30]. Xu et al. proposed a theoretical
method of leakage prediction for compressive seals in planer
solid oxide fuel cells (pSOFCs) and pointed out that LBM
simulations of the flow in three-dimensional (3D) rough
interfacial gaps are rarely reported [31]. In this study, the
LBM was applied to simulate the fluid flow inside the micro-
channel between the seal surfaces of a specified 7" casing
PTC under certain complex loads. The effect of pressure gra-
dient and wettability on the flow behavior of a multicompo-
nent fluid system at the microscopic scale was analyzed. It is
expected to provide some new insights for studying the seal
failure of casing connections.

2. Microchannels between the Seal Surfaces of
Casing Connection

2.1. Three-Dimensional Elastoplastic FEA of PTCs. The 7"
casing PTC containing a metal-to-metal sphere-cone sealing
structure is shown in Figure 1, and its main geometric
parameters are listed in Table 1. The buttress thread form
of the casing connection can be found in the API standard
[32], and the tolerance of the thread is omitted. The mesh
of the elastoplastic finite element model is shown in
Figure 1 as well, with the element type being C3D8I. Distrib-
uting coupling elements are constructed on the pin-free end
to apply external loads, while the kinematic coupling ele-
ments are constructed on the box free end to impose con-
straints. Contact surfaces are defined on the threads and
shoulders to simulate the interaction between the pin and
box. Detailed information about the modeling techniques
can be found in Ref. [20]. The total numbers of nodes and
elements are 6.045 million and 4.955 million, respectively.
The loading condition analyzed in the current work is
derived from a real service environment. It is a combination
of make-up torque (22.6kN-m), axial tension (670.0kN),
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Sphere-Cone

FIGURE 1: Sealing structure and 3D finite element model of the 7" casing PTC.

TasLE 1: Geometric parameters of the 7" casing PTC.

Thread pitch 5.08 mm (1/5")
Thread taper 1:16
Thread shape Buttress
Outer diameter of the coupling 194.5 mm
Inner diameter of the pipe 152.5 mm
Outer diameter of the pipe 177.8mm (7")
Sealing type Sphere-cone
Cone taper 1:16
Reverse shoulder -15°
Shoulder clearance 0.2 mm
Radius of the sphere 15 mm

TaBLE 2: Relationship between true stress and plastic strain.

True True True

stress/ PlasFic stress/ Plas?ic stress/ PlasFic
MPa strain MPa strain MPa strain
734.9 0 932.2 0.0315 990.0 0.0677
764.3 0.0001 945.8 0.0379 994.7 0.0730
869.0 0.0057 957.5 0.0440 998.4 0.0780
885.7 0.0122 967.9 0.0503 1000.3 0.0830
901.3 0.0186 976.5 0.0562 1010.3 0.0831
917.7 0.0252 983.9 0.0620 — —

bending (27.5kN-m), internal pressure (120 MPa), and
external pressure (80 MPa). The material of threaded con-
nections is an isotropic elastic-plastic material. Its Young’s
modulus and Poisson’s ratio are 210 GPa and 0.29, respec-
tively. The true stress-plastic strain data of material given
by the tensile test is shown in Table 2.

The obtained distributions of von Mises stress and strain
are shown in Figure 2. Relatively high levels of von Mises
stress are observed on the seal surface and the thread teeth
at both ends. The maximum value reaches 875.8 MPa while
the material yield limit of PI110 casings is around
758.5 MPa, indicating that the seal surfaces have been sub-
jected to certain plastic deformation under the above loading
condition.

It is assumed that advantage channel with small leakage
resistance at the microscopic level is responsible for fluid
leakage. Hence, the minimum contact pressure on the seal
surface determines the sealing performance. The distribu-

tion of contact pressure on the seal surface is shown in
Figure 3. It is found that the contact pressure on the seal sur-
face distributed unevenly along the axial direction due to the
thread taper while it is relatively uniform along the circum-
ferential direction. The nonuniformity along the circumfer-
ential direction is mainly caused by the asymmetric
characteristics of the end of thread and asymmetric load
such as bending moment. The contact pressure is relatively
high near the vertex of the spherical zone and gradually
decreases along the axial direction. The maximum contact
pressure on the seal surface reaches 1394.2 MPa. Noticing
that a circumferential path, an axial path, and a point were
labeled as “a,” “b,” and “0” separately in Figure 3, the cir-
cumferential path “a” connects all the points with maximum
contact pressure along the axial direction, and “o0” is the
point with the lowest value in this line. The axial path “b”
goes through point “0” and is considered as the dominant
path with relatively low leakage resistance.

Based on the theory of seal contact energy [33], the aver-
age contact pressure on the axial path “b” can be derived as

po=Lf :JLSP (x)dx (1)
ca >Js c >
Ls 0
where L, is the contact width and f_ is the seal contact
strength.
The contact pressure along the axial path “b” can be esti-
mated with the polynomial fitting

P (x) =-85.999x" + 121.870x* + 31.750x + 2.427.  (2)

By solving Eq. (2) equals zero, one can obtain that the
sealing contact width L, is 2.714 mm. Combining Eq. (1)
and Eq. (2), it can be obtained that the average contact pres-
sure P, equals 294.4 MPa.

2.2. Microchannels between Two Seal Surfaces. Test samples
of the 7" casing PTC are shown in Figure 4. Three regions
on the seal surfaces were randomly picked to be measured
with Hitachi VS1800. The visual field in a single measure-
ment is 1114.273 ym x 1114.770 ym. The topographies of
the three measured regions after 10 times magnification of
the objective lens are shown in Figure 5.

Seal surface topography typically consists of global-scale
geometric features as well as local-scale roughness details
[34]. We randomly picked two regions (with a fixed length
and width of 236.65 ym and 109.30 ym) from the measured
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Frcure 2: Distributions of von Mises stress and strain of the 7" casing PTC.



Geofluids 5

1600 -
1400
1200 —
1000 -4
800 —|
600 -
400 —

Contact pressure (MPa)

200 —

0 —h— 2 _,_/L/J-
0 0.5 - - b 20

1 15 ) S S e 300 , .
2.5 3 35 400 Circumferential path(°®)

Axial path (mm)
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FIGURE 4: Test samples of the 7" casing PTC.
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FIGURE 5: 3D topographies of the tested regions.
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FiGgure 8: Deformation and distribution characteristic of von Mises stress on the bottom seal surface.

topography of sample 1 to establish a microscopic sealing
contact finite element model as shown in Figure 6. The
red, blue, and green part represent the box, the pin, and
the seal surfaces, respectively. Then, apply the average con-
tact pressure of 294.4 MPa obtained in Section 2.1 to the
upper surface of the sealing contact finite element model,
and apply displacement constraints to the lower surface of
the sealing contact finite element model, as shown in
Figure 6. The topography features on the sealing surface
are extruded under the effect of pressure, and a microchan-
nel as shown in Figure 7 is obtained. The average clearance
between the two seal surfaces is nearly 3.61 ym, and the vol-
ume of the microchannel is around 1.889 x 107> yum®. Under
the action of the average contact pressure, microstructures
on the seal surfaces mutually squeeze each other. The corre-
sponding deformation on the seal surfaces and the distribu-

tion characteristic of von Mises stress are shown in Figure 8.
The maximum value of von Mises stress reaches
1010.3 MPa, indicating that plastic deformation occurs for
certain regions on the seal surfaces.

3. Lattice Boltzmann Method

3.1. Multicomponent Shan-Chen Lattice Boltzmann Model.
Due to its kinetic background, the LBM is extremely suitable
for simulating flow problems of multiphase or multicompo-
nent fluid at the microscopic scale [35, 36]. Comparing to
conventional numerical methods, microscopic fluid-fluid or
fluid-solid interactions can be easily incorporated in the
framework of the LBM [25, 26, 37]. From the perspective
of describing the interaction between fluid particles at the
microscopic level, lattice Boltzmann (LB) multiphase models
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can be roughly categorized into four categories: the color
gradient model [38], the pseudopotential (Shan-Chen)
model [39, 40], the free energy model [41], and the models
based on the kinetic theory [42-46]. Fluid motion in the
framework of the LBM is described by the evolution of par-
ticle density distribution functions. For the multicomponent
Shan-Chen LB model, the evolution equations are given by
[26].

S+ At Er A = £ (5 8) == [£2 (5 = 7. 1)]
3)

where c; represents a set of discrete velocity, f7(x, t) is the o
th-component density distribution function in the ith direc-
tion of the discrete velocity set, f;“? stands for the equilib-
rium density distribution function, and 77 is a relaxation
time relates to the kinematic viscosity as v = (77 — (1/2))c?
At. The D3Q19 discrete velocity model proposed by Qian
et al. [47] is used in this work, and the equilibrium distribu-
tion functions are given by

79 00|14 (ci.l;a,eq) N (¢, uoed)>?  (uess ) ’
c 2¢! 2¢2
(4)
where
(0,0,0)c, =0,
¢;={ (£1,0,0)c (0,£1,0)c, (0,0,+1)c, i=1, .6,
(£1,£1,0)c, (£1,0,£1)c, (0,x1,x1)c, i=7,---,18,
(5)
1/3, i=0,
w;={ 1/18, i=1,--,6, (6)
1/36, i=7,---,18.

¢, is the lattice sound speed, ¢Z = (1/3)c%, and ¢ = Ax/At is
the ratio of lattice spacing Ax and time step At.

The density and mass flux of the oth component of fluid
are defined as

P =17, (7)

P’ =) cf]. 8)

For the multicomponent Shan-Chen LB model, the
cohesive force acting on the oth component due to a differ-
ent fluid component is defined as

F(x) = -G,5p° (%, t)ZwipE’ (x + AL B)c;, ©)

where the subscripts o and o denote two different fluid com-

Outlet

FIGURE 9: Schematic of the two component fluid system.

TaBLE 3: Dimensional mapping between LB parameters and real
dimensions.

Unit Symbol  Dimensions Mapping
Length L [L] L,, = 8x,,/8x
Density P ML)~ P = Ppn!PLp
Kinematic viscosity v [L]Z[T}'1 Vi = Vpu!Vip
Time t [T] t,=L%v,
Mass m M] m,, = p, L2,
Velocity U I U, =L,lt,
Force F M][L[T]*  F, =(m,L,)/t,
Pressure P MJ[L] T P, =m,/(Ly,t,)

ponents and w; represents a set of weight coefficients given
by

1/18, i=1,---,6,
w; = (10)
1/36, i=7,---,18,

and G,; is a parameter that controls the strength of the
cohesive force. Similarly, the adhesive force acting on the o
th component due to a different solid component is given by

I':(ayds (X) = _G:dspa (X’ t)zwis(x + CiAt’ t)ci’ (1 1)

where GJ;, is a parameter that controls the strength of inter-
action between each fluid component and a solid wall and
s(x + ¢;At, t) is an indicator function that equals to 1 or 0
for a solid wall or a fluid node, respectively.

The equilibrium velocity of the oth component is given

by

=u + (12)

(F +F
u T(c:ads)’

p
where u’ is a common velocity given by the weighted aver-
age

o ST

S, () 13)
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FiGure 10: Distributions of sealing compound inside the microchannels.
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FIGURE 11: Time evolution of the volume fraction of sealing compound inside the microchannels.

Through the Chapman-Enskog analysis, the equation of The macroscopic density, velocity, and viscosity of the
state for the multicomponent Shan-Chen LB model in the  fluid mixture are given by
continuum limit is

P(x) =Y p7(x) + 128G, (X)p° (x).  (14) p=2r" (15)

o
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TaBLE 4: Contact angles according to G, .

Gags1 0.3 0.2 0.1 0 -0.2
] 133.4° 117.3° 103.2° 90° 62.7°
— o .0 1 Fo'
pu= ZP u+ EZ total? (16)

o (o2

_ 2P p—0.5

3 At. (17)

3.2. Numerical Parameters and Boundary Conditions. The
schematic of the two component fluid (displacing fluid and
sealing compound) system is shown in Figure 9. The micro-
channel is assumed to be completely occupied by the sealing
compound at the beginning of the simulation. The size of the
computational domain is set to 222 x 477 x 47, and the total
number of time step in the simulation is set to 300000. The
nonslip bounce back scheme is applied for the top, bottom,
left, and right boundaries of the computational domain,
while the pressure boundary condition proposed by Zou
and He [48] is applied for the inlet and outlet. The viscosity
ratio M = p,/u, = v, p,/v,p, in the current work equals 1.0.

The wetting condition for the wettability of the seal sur-
faces is given by

cos O = Gads,Z B Gads,l (18)

Ge((p, - py)/2)’

where G,4,, = —G,q4,1 and 6 stands for the contact angle.

Dimensional mapping presented in Table 3 is required
for relating the LB parameters to real dimensions for practi-
cal use.

4. Results and Discussion

4.1. Effect of Pressure Gradient. At the beginning, the micro-
channels between the two seal surfaces are completely occu-
pied by the sealing compound. The inlet and outlet pressure
were kept consistent for 10000 time steps so that the multi-
component fluid system can relax towards equilibrium.
After 10000 time steps, the outlet pressure was lowered.
Driven by the pressure gradient due to the imbalance
between the inlet and outlet pressure, the displacing fluid
starts to penetrate the surrounding sealing compound. The
distributions of sealing compound inside the microchannels
at different time steps are shown in Figure 10. It is noticed
that pressure gradient has a significant influence on the dis-
tribution of sealing compound. For the systems with larger
pressure gradient (Figures 10(a)-10(c)), the displacing fluid
tends to break through the surrounding sealing compound
more rapidly and forms a dominant flow channel, while it
may even fails to break through the sealing compound for
the system with the lowest pressure gradient
(Figure 10(d)). For the system with the highest pressure gra-
dient (Figure 10(a)), the displacing fluid has broken through
the surrounding sealing compound before 70000 time steps.
For the system with Ap=0.439, a dominant flow channel
has been formed at 150,000 time steps. For the system with
Ap=0.219, the displacing fluid just finishes breaking
through the sealing compound and the dominant flow
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FIGURE 14: Time evolution of the volume fraction of sealing compound inside the microchannels with various wettability.

channel are not yet fully developed. For the system with the
lowest pressure gradient (Figure 10(d)), more time steps
may be required.

To understand the flow characteristics inside the micro-
channels, the variation of the volume fraction of sealing
compound and the average velocity of displacing fluid are
shown in Figures 11 and 12. As time elapses, the volume
fraction of sealing compound gradually decreases. Larger

values of pressure gradient eventually lead to a lower volume
fraction. Meanwhile, for the systems with larger pressure
gradient (Ap=0.658, Ap=0.439), whether the displacing
fluid has broken through the surrounding sealing compound
can be directly acknowledged from the slope of the data
curve. The volume fraction of sealing compound decreases
more rapidly at the break-through stage. Similarly, this char-
acteristic can also be observed from Figure 12. For the
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systems with larger pressure gradient, the average velocity of
displacing fluid during the leaking stage is much higher than
that before the break-through. To be specific, for the systems
with Ap=0.658, Ap=0.439, and Ap=0.219, the break-
through time steps are around 61000, 99000, and 295000,
respectively. Compared with the leaking stage, the average
velocity is not that stable during the break-through stage.

4.2. Effect of Wettability. Similar to the above cases, the
microchannel between the seal surfaces is completely occu-
pied by the sealing compound at the beginning. The inlet
pressure and outlet pressure were kept consistent for 10000
time steps. After 10000 time steps, the outlet pressure was
lowered. The pressure difference was fixed at Ap=0.110 in
these cases. For the parameters in this work, the correspond-
ing wettability of the seal surfaces according to G4, are
listed in Table 4. When G4, > 0, the microchannel is wet-
ting for the displacing fluid and nonwetting for the sealing
compound and vice versa. Numerical instability was
observed when G4, <-0.2, and the results were not
included. The distributions of sealing compound inside the
microchannels with various wettability are shown in
Figure 13. It can be noticed that wettability has huge impact
on the distribution of sealing compound. The variation of
the volume fraction of sealing compound as time elapses is
shown in Figure 14. A smaller volume fraction can be
obtained if the seal surfaces are nonwetting for the sealing
compound (wetting for the displacing fluid), while a finger
forwarding phenomena was noticed if the seal surfaces were
wetting for the sealing compound (nonwetting for the dis-
placing fluid). No break-through was observed for the fixed
pressure difference if the seal surfaces were wetting for the
sealing compound.

5. Conclusions

This study obtained a microchannel between the seal sur-
faces of casing connection under complex loads combining
3D elastoplastic FEA and the topographies of seal surfaces.
The flow behavior of the microchannel was analyzed with
the LBM. It is expected to provide some new insights for
studying the seal failure of casing connections. The major
findings are summarized below:

(1) The contact pressure on the seal surfaces of casing
threaded connection under complex loads is uneven
in both circumferential and axial directions. Accord-
ing to the seal contact energy theory, an average con-
tact pressure can be obtained as the external load
being applied on the microscopic sealing contact
finite element model

(2) A microscopic sealing contact finite element model
based on the topographies of the seal surfaces
scanned by the optical interference measuring sys-
tem was established. After applying the average con-
tact pressure, the deformed seal surfaces under
complex loads can be obtained. For the topography
and loading condition in this work, the average
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clearance of the microchannel between the deformed
seal surfaces is nearly 3.61 ym, and the volume of the
microchannel equals 1.889 x 10~ ym?

(3) The effect of pressure gradient on the flow behavior
of a multicomponent system inside the microchan-
nel between the seal surfaces was simulated by the
LBM. The volume fraction of sealing compound
inside the microchannels decreases when the pres-
sure gradient increases. For the systems with larger
pressure gradient, a break-through stage and a leak-
ing stage can be observed. The average velocity of
displacing fluid slightly fluctuates during the break-
through stage. For the leaking stage, the average
velocity of displacing fluid increases immediately
once the dominant flow channel is formed and then
tends to stabilize at a higher level

(4) Break-throughs were captured from the simulation
for the systems with Ap =0.658, Ap =0.439, and Ap
=0.219. And the break-through time steps are
around 61000, 99000, and 295000, respectively. Dis-
placing fluid was not able to break through the sur-
rounding sealing compound for the system with
the lowest pressure gradient. The average velocity
of displacing fluid after the break-through actually
reflects the leakage rate of the seal at the microscopic
level; a further detailed analysis will be presented in
future work

(5) The effect of wettability on the flow behavior inside
the microchannel between the seal surfaces of casing
connection for a fixed pressure difference was simu-
lated by the LBM. It has huge impact on the distribu-
tion of sealing compound. No break-through was
observed for the fixed pressure difference
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