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Abstract: In this paper, the seamless immersed boundary lattice Boltzmann method is proposed,
in order to simulate the complicated incompressible �ows on the Cartesian grid. The present
approach is an extension of the seamless immersed boundary method for the incompressible Navier-
Stokes equations to the lattice Boltzmann equation. In the seamless immersed boundary method
for solving the Navier-Stokes equations, the forcing term which satis�es the velocity condition on
the virtual boundary is added not only to the grid points near the boundary but also to the grid
points inside the boundary, so that the pressure pro�le near the boundary becomes smoothly.
Similarly in the present method, the external forcing function is added to the lattice Boltzmann
equation. The present method is validated for the typical benchmark �ows, e.g., �ow around a
circular cylinder and �ow around a moving circular cylinder. As a result, it is con�rmed that the
present method gives the smooth pressure �eld without the unphysical oscillation and pressure
jump near the boundary. Then, it is concluded that the present seamless immersed boundary
lattice Boltzmann method is very versatile for simulating the complicated incompressible �ows.

Keywords: Lattice Boltzmann Method, Seamless Immersed Boundary Method, Incompressible
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1 Introduction

In the incompressible �ow simulation, the lattice Boltzmann method is spotlighted as an alternative compu-
tational approach for solving the Navier-Stokes equations. In today's parallel computer architecture progress,
it is expected that this trend continues because the lattice Boltzmann method is suitable for parallelization.
However, the lattice Boltzmann method originally assumes that the particles move on the rectangular grid
(lattice). This is the weak point of the method for simulating the complicated �ow �eld with curved geom-
etry. For improving the weak point, mainly two approaches are proposed. One is the proposals of suitable
boundary condition for curved boundary [1, 2, 3, 4, 5, 6, 7]. These curved boundary conditions is achieving
good results, but the intricate boundary treatment is necessary for more complicated �ow geometry.

Another approach is the combination of lattice Boltzmann method and immersed boundary method. The
immersed boundary method was �rst proposed by Peskin [8] for simulating the blood �ow in the heart. This
approach is calculation including inside the boundary on the Cartesian grid. Recently, Goldstein et al. [9]
and Saiki and Biringen [10] developed the continuous (feedback) forcing treatment. Afterwards, Fadlun et al.
[11] proposed the discrete (direct) forcing treatment. In these approaches, the external forcing term which
satis�es the velocity condition on the virtual boundary is added to the governing momentum equations, i.e.,
the Navier-Stokes equations. Also, the extension to the energy equation was developed by Nishida [12]. The
immersed boundary method is extended to the lattice Boltzmann method [13, 14, 15, 16, 17, 18].

In the Navier-Stokes equation solver, however, the conventional external forcing term is added only on
the grid points near the virtual boundary. The resulting pressure pro�le has the pressure jump near the
virtual boundary, so that the unphysical oscillation appears near the virtual boundary. Then, it is di�cult
to estimate the precise quantities, i.e., pressure near the boundary. In order to remove the unphysical
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oscillation, Nishida et al. [19, 20] proposed the seamless immersed boundary method. In the seamless
immersed boundary method, the external forcing term is added not only to the grid points near the virtual
boundary but also to the grid points inside the virtual boundary. As a result, the unphysical oscillation
disappears and the smooth pressure �eld can be obtained. Also, the seamless immersed boundary method
is applied to the �ow with heat transfer [21] and the curvilinear coordinates [22], successfully.

In this paper, we try to combine the seamless immersed boundary method with the lattice Boltzmann
method. A new seamless immersed boundary lattice Boltzmann method is validated for some benchmark
�ow �elds, e.g., �ow around a circular cylinder and �ow around a moving circular cylinder. And we discuss
the property of seamless immersed boundary lattice Boltzmann method.

2 Seamless Immersed Boundary Lattice Boltzmann Method

2.1 Lattice Boltzmann method

The lattice Boltzmann method is constructed by the collision and advection of the �uid particle. The lattice
Boltzmann equation with the single relaxation time approximation is written by

fα(x+ eα∆t, t+∆t)− fα(x, t) = Ωα , (1)

where Ωα denotes the collision term. By using the Bhatnagar-Gross-Krook (BGK) approximation for the
collision term, the following lattice Boltzmann equation can be obtained.

fα(x+ eα∆t, t+∆t)− fα(x, t) = −1

τ

[
fα(x, t)− f (eq)

α (x, t)
]
. (2)

In the D2Q9 model [23], the discrete velocity eα is de�ned by

eα =


(0, 0), (α = 0)(
cos

[
(α−1)π

2

]
, sin

[
(α−1)π

2

])
, (α = 1 ∼ 4) ,

√
2
(
cos

[
(2α−9)π

4

]
, sin

[
(2α−9)π

4

])
, (α = 5 ∼ 8)

(3)

where fα denotes the distribution function, α (= 0 ∼ 8) is the moving direction, x is the location, and τ is

the single relaxation time. The equilibrium distribution function, f
(eq)
α , in Eq.(2) is determined by

f (eq)
α = wαρ

[
1 +

1

c2s
(eα · u) + 1

2c4s
(eα · u)2 − 1

2c2s
u2

]
, (4)

where wα (= 4/9 (α = 0), 1/9 (α = 1 ∼ 4), 1/36 (α = 5 ∼ 8)) is the weighted coe�cients and u the velocity
vector. cs = 1/

√
3 is the speed of sound. The kinematic viscosity is related to the single relaxation time τ

as ν = (2τ − 1)∆t/6 [24]. The macroscopic pressure and velocity are computed by

p = ρc2s = c2s
∑
α

fα , ρu =
∑
α

fα · eα . (5)

By using the Chapman-Enskog expansion, the lattice Boltzmann equation (2) is equivalent to the �uid
equations, i.e., the Navier-Stokes equations.

2.2 Seamless immersed boundary method

2.2.1 Immersed boundary method

In the immersed boundary method, the practical boundary, i.e., object surface or �ow pass, is expressed by
the virtual boundary. The velocity conditions on the virtual boundary are satis�ed by adding the forcing term
to the momentum equations. Then, the incompressible viscous �ow is governed by the continuity equation
and the incompressible Navier-Stokes equations. These equations can be written in the non-dimensional
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form by
∂ui

∂xi
= 0 , (6)

∂ui

∂t
+ uj

∂ui

∂xj
= − ∂p

∂xi
+

1

Re

∂2ui

∂xj∂xj
+Gi , (7)

where ui and p denote the velocity component and the pressure. Re(= UL/ν) denotes the Reynolds number.
U , L, and ν are the reference velocity, the reference length, and the kinematic viscosity, respectively. The
last term in Eq.(7), Gi, denotes the additional forcing term for the immersed boundary method.

In order to estimate the additional forcing term in the governing equations, Gi, there are mainly two
ways, i.e., the continuous (feedback) [9, 10] and discrete (direct) [11, 19] forcing term estimations. In this
paper, the direct forcing term estimation shown in Fig.1 is adopted, because the larger time step (∆t) can
be set up than the feedback forcing term estimation. We explain the proposed numerical approach in 2-D,
but the extension to 3-D is straightforward.

For the forward Euler time integration, the forcing term can be determined by

Gi =

[
uj

∂ui

∂xj
+

∂p

∂xi
− 1

Re

∂2ui

∂xj∂xj

]n
+

Ūn+1
i − un

i

∆t
, (8)

where Ūn+1
i denotes the linearly interpolated velocity by using U and ui+1 as shown in Fig.1. U is the

boundary velocity, e.g., U = 0 for stationary solid media and U = Umove for moving boundary, where Umove

is the moving velocity. Namely, the external force is speci�ed as the velocity components at next time step
satisfy the relation, un+1

i = Ūn+1
i . The forcing term estimation is performed and the forcing term is added

only to the grid points near the boundary. In this conventional forcing treatment, the pressure distributions
near the boundary show the unphysical oscillations [19].

Figure 1: Discrete forcing treatment.

2.2.2 Seamless immersed boundary method

In order to remove aforementioned unphysical oscillations near the boundary, the seamless immersed bound-
ary method was proposed [19]. In the seamless immersed boundary method, the forcing term is added not
only to the grid points near the boundary but also to the grid points inside the boundary as shown in Fig.2.
On the grid points near the boundary, the additional forcing term is estimated by the same procedure as
the conventional direct forcing term estimation, Eq.(8). In the region inside the boundary, the forcing term
is determined by satisfying the relation, Ūn+1 = Uvb, where Uvb is the speci�ed velocity, e.g., Uvb = 0 in
stationary solid media and Uvb = Umove for moving solid object.

Figure 3 shows the comparison of pressure �eld for �ow around a circular cylinder with Re = 40 [19].
The conventional immersed boundary solution has the unphysical oscillation near the virtual boundary. On
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the other hand, the seamless immersed boundary solution is very smooth even near the virtual boundary. It
is found that the unphysical oscillation can be removed successfully.

(a) Conventional IBM. (b) Seamless IBM.

Figure 2: Grid points added forcing term.

(a) Conventional IB solution. (b) Seamless IB solution.

Figure 3: Comparison of pressure �eld (Re = 40) [19].

2.3 Seamless immersed boundary lattice Boltzmann method

Similar to the immersed boundary method for the incompressible Navier-Stokes equations, the lattice Boltz-
mann equation (2) is rewritten by

fα(x+ eα∆t, t+∆t)− fα(x, t) = −1

τ

[
fα(x, t)− f (eq)

α (x, t)
]
+∆t

wαρ

c2s
eα · g(x, t) , (9)

where g(x, t) is the external forcing function de�ned by

g(x, t) =
Ū− u∗

∆t
, (10)

where Ū is the speci�ed velocity and u∗ denotes the tentative velocity at next time step [17].
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In the seamless immersed boundary lattice Boltzmann method, this forcing function is added to the grid
points not only near the boundary but also inside the boundary. On the grid points near the boundary, the
speci�ed velocity, Ū, is computed by linear interpolation between velocities on the virtual boundary and on
the neighboring grid point as shown in Fig.1. On the grid points inside the boundary, the speci�ed velocity
is set as Uvb, e.g., Uvb = 0 for stationary solid media and Uvb = Umove for moving solid object.

3 Computational Results

3.1 Validation of present approach

In order to validate the present approach, the �ow around a circular cylinder is considered. The numerical
solutions obtained by the present approach are compared with the conventional immersed boundary lattice
Boltzmann solutions and the reference ones.

The computational domain is shown in Fig.4. The boundary of circular cylinder (circular cylinder surface)
is expressed by the virtual boundary. The number of lattices is 840 × 440 (841 × 441 grid points), which
is the resolution of 40 lattices per a diameter of circular cylinder. This lattice resolution ensures to obtain
the precise physical quantities, e.g., the drag and lift coe�cients, in the range of the Reynolds numbers
(Re = 40 ∼ 200). The initial �ow is the uniform �ow with u = 0.1, v = 0.0. The boundary conditions are
u = 0.1, v = 0.0 for in�ow boundary, p = 1/3 for out�ow boundary and the extrapolation of macroscopic
variables for side boundaries. Also, the velocity condition on the virtual boundary and inside the boundary
is speci�ed as the non-slip condition, u = v = 0.0.

Figure 4: Computational domain and boundary conditions.

3.1.1 Steady �ow

In this section, the steady state solution with Re = 40 is discussed. Figures 5 and 6 show the overall and
closeup views of steady state velocity �eld (u-component) obtained by the present seamless and the con-
ventional immersed boundary lattice Boltzmann methods, respectively. These velocity �elds are almost the
same. But, the velocity pro�les inside a circular cylinder shown in Fig.6 are di�erent. The seamless velocity
�eld satis�es the velocity condition with machine zero, i.e., the order of 10−17, whereas the conventional
velocity �eld satis�es this condition with the order of 10−3. Then, it is found that the present seamless
approach can obtain the velocity �eld satisfying the velocity condition exactly.

Figures 7 and 8 show the overall and closeup views of steady state pressure �eld. In the overall view, the
present seamless solution, Fig.7(a), and the conventional immersed boundary lattice Boltzmann solution,
Fig.7(b), are in very good agreement with each other. It is found that the present pressure is distributed
inside a circular cylinder. In the closeup view, however, the pressure distributions near the virtual boundary
are di�erent. The present solution represents the unique pressure on the virtual boundary (circular cylinder
surface). And the pressure near the virtual boundary is very smooth. On the other hand, the pressure
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obtained by the conventional immersed boundary lattice Boltzmann method distributes along the virtual
boundary. Then, the important physical quantity, i.e., pressure on the circular cylinder surface, cannot
determine precisely. Figure 9 shows the pressure along the center line. The present pressure is smooth. In
the conventional immersed boundary solution, however, the pressure inside the virtual boundary becomes
almost constant, so that the pressure jump near the virtual boundary appears. As a result, the conventional
pressure distributes along the virtual boundary. Then, the quantitative values, such as the drag coe�cient
(Cd) and the lift coe�cient (Cl), cannot estimate precisely in the conventional approach. Table 1 shows the
comparison of Cd and Cl. In the conventional immersed boundary solution, Cd becomes higher than the
present solution. It is found that the present seamless solution is close to the reference one [15] than the
conventional immersed boundary solution. The drag and lift coe�cients are estimated by integrating the
external force,

Cd =
−
∫
s
ρgx(x, t)ds

1/2ρ∞u2
∞D

, Cl =
−
∫
s
ρgy(x, t)ds

1/2ρ∞u2
∞D

, (11)

where the integration is carried out over the region with external force and gx(x, t) and gy(x, t) denote the
external forcing function in x and y direction, respectively. The external force for the seamless immersed
boundary method is determined to remain a circular cylinder stationary. Then, the reaction force can be
regarded as the drag and lift.
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(a) Seamless IB solution.
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(b) Conventional IB solution.

Figure 5: Overall view of velocity (u) �eld (Re = 40).
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(a) Seamless IB solution.

x

y

4.5 5 5.5 6 6.5
4.5

5

5.5

6

6.5

(b) Conventional IB solution.

Figure 6: Closeup view of velocity (u) �eld (Re = 40).
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(a) Seamless IB solution. (b) Conventional IB solution.

Figure 7: Overall view of pressure �eld (Re = 40).
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(a) Seamless IB solution.
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(b) Conventional IB solution.

Figure 8: Closeup view of pressure �eld (Re = 40).
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(a) Seamless IB solution.
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(b) Conventional IB solution.

Figure 9: Pressure pro�le along the center line (Re = 40).
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Table 1: Comparison of Cd and Cl (Re = 40).

Cd Cl

Seamless IB 1.606 1.28× 10−14

Conventional IB 1.622 −1.79× 10−15

Niu et al.[15] 1.589 -

3.1.2 Unsteady �ow

The unsteady �ow with Re = 200 is presented in this section. Figures 10 and 11 show the snapshots of the
velocity and pressure �elds. In these overall views, both solutions can reproduce the vortex shedding clearly.
Also both �ow �elds (velocity and pressure) are almost the same. However, in the closeup view of velocity
shown in Fig.12, the velocity pro�les inside the virtual boundary are di�erent. The present velocity inside
the virtual boundary becomes constant, but the conventional velocity distributes. The order of velocity
inside the boundary is 10−17 for the seamless approach and 10−3 for the conventional approach.

For closeup view of pressure shown in Fig.13, it is found that the pressure obtained by the conventional
immersed boundary method distributes along a circular cylinder surface. On the other hand, in the pressure
obtained by the present seamless immersed boundary method, the smooth pressure �eld can be formed and
the unique pressure value is obtained on the circular cylinder surface. Similar to steady �ow, this discrepancy
arises from the di�erent pressure pro�les near and inside the boundary, such as Fig.14. The conventional
pressure pro�le is almost constant inside the boundary, so that the pressure jump appears near the boundary.
On the other hand, the present pressure is very smooth. Figure 15 represents the time history of Cd and
Cl. Table 2 shows the comparison of Cd, Cl and the Strouhal number St. Similar to the steady �ow,
the conventional immersed boundary solution gives the higher values of Cd in comparison with the present
solution. It is found that the present solution is in good agreement with the reference one [25].

Therefore, it is concluded that the present seamless immersed boundary lattice Boltzmann method has
the property satisfying the velocity condition on the boundary and inside the boundary, and removing the
pressure jump near the boundary, so that the present approach gives the precise pressure near the boundary.
Also, in the estimation of drag and lift, it is very easy to compute by integrating the additional external
forces over the region with forcing.
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(a) Seamless IB solution.
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(b) Conventional IB solution.

Figure 10: Snapshot of velocity (v) �eld (Re = 200).

3.2 Flow around an oscillating circular cylinder

In order to con�rm the applicability of the present seamless approach to the moving boundary problem,
the �ow around an oscillating circular cylinder with Re = 200 is considered. The computational domain is
shown in Fig.16. The circular cylinder in the uniform �ow moves vertically as,
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(a) Seamless IB solution.

x

y

0 5 10 15 20
0

2

4

6

8

10

(b) Conventional IB solution.

Figure 11: Snapshot of pressure �elds (Re = 200).
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(a) Seamless IB solution.
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(b) Conventional IB solution.

Figure 12: Closeup view of velocity (v) �eld (Re = 200).

Table 2: Comparison of Cd, Cl and St (Re = 200).

Cd Cl St

Seamless IB 1.346± 0.0201 ±0.6557 0.202
Conventional IB 1.431± 0.0443 ±0.6654 0.204
Rosenfeld [25] 1.329(mean) ±0.674 0.197
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(a) Seamless IB solution.
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(b) Conventional IB solution.

Figure 13: Closeup view of pressure �elds (Re = 200).
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Figure 14: Pressure pro�le along the center line (Re = 200).
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Figure 15: Time history of Cd and Cl (Re = 200).
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Figure 16: Computational domain and boundary conditions.

y(t) = y0 + yampsin(2πft) , (12)

where the amplitude is yamp = 0.2D and the non-dimensional oscillating frequency is f = 0.2. The initial
location of circular cylinder is (x0, y0) = (5.5D, 10.5D). The lattice resolution is 1680×1680 with 80 lattices
per a diameter. The impulsive start determined by the uniform �ow, U = 0.1, is adopted. On the in�ow
boundary, the velocity is �xed by the uniform �ow and the pressure is imposed by the extrapolation. The
velocity is extrapolated and the pressure �xed by p = 1/3 on the out�ow boundary and the macroscopic
pressure and velocity are extrapolated on the side boundaries. On the virtual boundary and inside the
boundary, the moving circular cylinder velocity determined from Eq.(12) is imposed as the speci�ed velocity
for the immersed boundary method.

We compare the �ow �elds obtained by the seamless and conventional immersed boundary lattice Boltz-
mann methods at the 60th period from initial state. At this period, the periodic �ow is reproduced. Figures
17 and 18 show the velocity (v) and pressure �elds of one period (0/4T , 1/4T , 2/4T , 3/4T ), respectively. T
denotes the non-dimensional one period time. Both �ow �elds give the smooth wake, but in the conventional
immersed boundary solution the wake becomes wider than the seamless immersed boundary solution. The
closeup view of velocity and pressure is shown in Figs.19 and 20. Similar to the previous �ow around a
circular cylinder, the velocity condition inside the cylinder surface can be satis�ed exactly in the seamless
immersed boundary solution. On the other hand, the conventional immersed boundary solution shows the
velocity distribution inside the boundary. Also, in the pressure the present seamless solution gives the very
smooth pressure pro�le even near the cylinder surface at any time. In the conventional pressure, its pro�le
distributes along the cylinder surface.

Figure 21 shows the time history of Cd and Cl. Table 3 represents the quantitative values of Cd, Cl, and
St. The conventional immersed boundary results of Cd and Cl becomes higher than the seamless immersed
boundary ones. In comparison with the reference result [26], the seamless immersed boundary results are
in good agreement than the conventional ones. For the Strouhal number, St, the seamless and conventional
immersed boundary results give the same value (St = 0.2) as the reference one. In this Reynolds number
regime, it is reported that the lock-in phenomenon which the primary vortex shedding frequency has the
same value with the oscillating frequency occurs [27]. It is found that both approaches reproduce the lock-in
phenomenon.

By taking account of the quantitative values, it is found that the seamless immersed boundary lattice
Boltzmann method has the excellent computational property. Then, it is concluded that the present seamless
immersed boundary lattice Boltzmann method is applicable to the �ow simulation with moving boundary.
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(a) Seamless IB solution. (b) Conventional IB solution.

Figure 17: Snapshot of velocity (v) �elds (Re = 200).
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(a) Seamless IB solution. (b) Conventional IB solution.

Figure 18: Snapshot of pressure �elds (Re = 200).
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(a) Seamless IB solution.
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(b) Conventional IB solution.

Figure 19: Closeup view of velocity (v) �elds (Re = 200).
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(a) Seamless IB solution.
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(b) Conventional IB solution.

Figure 20: Closeup view of pressure �elds (Re = 200).
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(a) Seamless IB solution.
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(b) Conventional IB solution.

Figure 21: Time history of Cd and Cl (Re = 200).

Table 3: Comparison of Cd, Cl and St (Re = 200).

Cd Cl St

Seamless IB 1.61± 0.20 ±0.72 0.20
Conventional IB 1.71± 0.23 ±0.88 0.20
Wu et al. [26] 1.58± 0.20 ±0.58 0.20

3.3 Flow around a moving circular cylinder in straight channel

In this section, we consider the �ow around a moving circular cylinder in straight channel. Figure 22 shows
the schematic of this problem. The number of lattices is 640× 160 and the reference length is a diameter of
circular cylinder (D) with 40 lattices.

Figure 22: Computational domain and boundary conditions (Case-1).

A circular cylinder is set at the center of channel and is moving with u = Uc = 0.1, v = 0.0 and the upper
and lower walls remain stationary, u = v = 0.0. On the right and left boundaries, the periodic boundary
condition is imposed. And the initial pressure is set as p = 1/3. In order to compare the result, we consider
the relatively equivalent �ow �eld. As shown in Fig.23, a circular cylinder remains stationary and the upper
and lower walls move with u = Uw = −0.1 and v = 0.0. The former is called Case-1 and the latter is
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Case-2. The velocity condition on the virtual boundary and inside the boundary is speci�ed as the non-slip
condition, i.e., u = Uc, v = 0.0 for Case-1 and u = v = 0.0 for Case-2. The steady �ow with Re = 40 based
on a diameter of circular cylinder is considered. Then, two steady state solutions obtained by the present
seamless immersed boundary lattice Boltzmann method are compared.

Figure 23: Computational domain and boundary conditions for Case-2.

Figures 24 and 25 show the velocity �eld (u and v) and pressure pro�le at the 31st period. At this period,
the �ow reaches to the almost steady state. In the velocity �eld, two cases, i.e., moving circular cylinder
(Case-1) and moving walls (Case-2), show the same velocity pro�le. On the other hand, in the pressure
�eld except inside the circular cylinder, both results are in very good agreement with each other. Also, the
pressure near the circular cylinder is very smooth and seamless pressure can be obtained. Table 4 shows Cd
and Cl obtained by Case-1 and Case-2. In the quantitative comparison, both results show the very good
agreement with each other. Then, it is con�rmed that both cases can obtain the equivalent �ow �eld.
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Figure 24: Comparison of velocity pro�le.

In the pressure pro�le inside the circular cylinder, however, the pressure is di�erent. Therefore, the refer-
ence velocity (Uc = 0.1) is replaced by 1/10Uc in Case-1. Figure 26 shows the steady state pressure obtained
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Figure 25: Comparison of pressure pro�le.

x

y

Figure 26: Pressure �eld with Uc = 0.01 in Case-1.

by Uc = 0.01. Due to the strict stability, there are some numerical oscillations, but the pressure inside the
circular cylinder reproduces almost similar pressure pro�le obtained by Case-2 as shown in Fig.25(b). Then,
it is con�rmed that Case-1 gives the equivalent �ow �eld including inside the circular cylinder by using the
lower reference velocity.

As a result, for simulating the complicated �ows with a moving boundary, it is concluded that the present
seamless immersed boundary lattice Boltzmann method has the excellent computational property, i.e., the
present approach can obtain the velocity satisfying the condition inside the boundary exactly and the smooth
pressure without pressure jump near the boundary. Also, the present seamless approach can estimate the
drag and lift very easily.

Table 4: Comparison of Cd and Cl.

Cd Cl

Case-1 0.73 1.4× 10−14

Case-2 0.72 3.0× 10−15

4 Conclusions

In this paper, the seamless immersed boundary lattice Boltzmann method is proposed. The present approach
is an extension of the seamless immersed boundary method for the incompressible Navier-Stokes equations
to the lattice Boltzmann equation. Similar to the seamless immersed boundary method, in the seamless
immersed boundary lattice Boltzmann method, the external forcing function which satis�es the velocity
condition on the virtual boundary and inside the boundary is added not only to the grid points near the
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boundary but also to the grid points inside the boundary, so that the smooth and precise pressure pro�le
near the boundary can be obtained. The present method is validated for the typical benchmark �ows. As
a result, it is con�rmed that the present method gives the smooth pressure �eld without the unphysical
oscillation and pressure jump near the virtual boundary. Also, in the present approach, the drag and lift
can be estimated very easily by integrating the additional external forces. It is found that the present drag
and lift are in good agreement with the reference ones. Then, it is concluded that the seamless immersed
boundary lattice Boltzmann method is very versatile for simulating the complicated incompressible �ows
with a moving boundary.
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