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Abstract 
 
In the present paper, we demonstrate that an unsteady velocity boundary condition on a solid surface induces artifi-

cial force oscillations on the solid body, and these oscillations can be effectively removed by imposing the Neumann 
boundary condition on the solid surface for the pseudo-pressure Poisson equation.  
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1. Introduction  

Since Peskin [1] first developed the immersed 
boundary (IB) method for flow over a complex ge-
ometry, various versions of immersed boundary 
methods have been developed aiming for better accu-
racy, simpler implementation, or less CPU time. A 
review on the immersed boundary method can be 
found in Mittal and Iaccarino [2]. In most studies on 
the immersed boundary method, however, the bound-
ary condition on the solid boundary is steady, or focus 
is given to the flow field rather than to the force on 
the body even when the boundary condition on the 
solid surface is unsteady. 

In the present paper, we show in the framework of 
the immersed boundary method (e.g., [3]) that artifi-
cial force oscillations on the body occur when an 
unsteady boundary condition is given at the solid 
boundary. These force oscillations are clearly non-
physical and sometimes result in the blow-up of nu-
merical solutions. We suggest a new boundary treat-
ment for the pseudo-pressure Poisson equation, which 
is shown below, to remove effectively the artificial 

force oscillations on the body. 
 

2. Violation of mass conservation 

The governing equations for the unsteady incom-
pressible flow are  
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where t is time; xi is the coordinate; ui is the corre-
sponding velocity component; p is the pressure; fi and 
q are the momentum forcing and mass source/sink, 
respectively, proposed by [3]; and Re= u∞d/ν is the 
Reynolds number. Here, u∞ is the free-stream veloc-
ity; d is the characteristic length; and ν is the kine-
matic viscosity. To solve Eqs. (1) and (2), a fractional 
step method is used together with a semi-implicit time 
advance scheme (a third-order Runge-Kutta method 
[RK3] for the convective term and a second-order 
Crank-Nicolson method for the diffusion term) as 
follows:  
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where L(ui)=(1/Re)∂2ui/∂xj∂xj, N(ui)= ∂uiuj/∂xj, ˆiu  is 
the intermediate velocity; φ  is the pseudo-pressure; 

t∆  is the computational time step; k is the substep 
index; and αk, γk, and ρk are the coefficients of RK3 
( 1 1 14 /15,  8 /15,  0;α γ ρ= = =  2 21/15,  5/12,α γ= =  

2 17 / 60;ρ = − 3 3 31/ 6,  3/ 4,  5 /12α γ ρ= = = − ). The 
momentum forcing fi is given on or near the im-
mersed boundary to satisfy the no-slip velocity condi-
tions, su  and sv , at the immersed boundary (Fig. 1).  

The continuity equation should be satisfied for the 
cell containing the immersed boundary and for the 
fluid region in this numerical cell as well. From these 
constraints, one can obtain the amount of mass 
source/sink q as follows [3]: 
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where V∆  is the cell volume; iS∆  is the area of 
each cell face i; su  is the surface velocity vector; 
and n  is the unit normal vector outward of each cell 
face. Here, ω  is defined as one for the cell faces  
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Fig. 1. Schematic diagram of immersed boundary method. 

with non-zero fi and zero elsewhere. In two dimen-
sions (Fig. 1), the mass source/sink is given as  
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More detailed procedures on how to obtain the mo-
mentum forcing and mass source/sink are shown in 
Kim et al. [3]  

The ku  and kv  in Eq. (8) are unknown until Eq. 
(5) is solved, but they should be used to solve Eq. (4). 
Thus, ˆ ku  and ˆkv  are used to determine q in Eq. (8), 
that is,  
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For this reason, an error is generated from the conti-
nuity for the cell containing the immersed boundary: 
 

1 1 1 1
2

ˆ ˆ
.

k k k ku u v ve
x y
− −

= +
∆ ∆

 (10) 

 
In Eqs. (5) and (6), 2ˆ ( )k k

i iu u tϑ− = ∆  because 
( )tφ ϑ= ∆ , and thus 2

2 ( )e tϑ= ∆ . This error does not 
cause any problem for flows with steady boundary 
conditions but may produce pressure oscillations and 
spurious velocities in the vicinity of the immersed 
boundary when an unsteady boundary condition is 
given on the immersed boundary. Therefore, this 
error should be eliminated or significantly reduced. 

 
3. Remedy 

As shown in Eq. (10), the error is proportional to 
the difference between the velocity and intermediate 
velocity on or near the immersed boundary (i.e., at the 
grid points where fi≠0). This difference is 

2  /k
k it xα φ− ∆ ∂ ∂  as in Eq. (5), and the error becomes 

zero when / 0k
ixφ∂ ∂ =  there. Therefore, we apply 

this Neumann boundary condition on the grid points 
where the momentum forcing if  is applied when we 
solve the Poisson Eq. (4). An example of applying 
this boundary condition is schematically drawn in Fig. 
2 for flow over a circular cylinder.  

 

4. Numerical examples 

First, we consider a model problem shown in Fig. 
3, where a jet is issued at the bottom center of the 
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Cylinder surface  
 
Fig. 2. Boundary condition for the Poisson Eq. (4). The thick 
solid lines denote the grid lines where the Neumann boundary 
condition is applied. 
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Fig. 3. Schematic diagram of model problem: (a) without IB 
method; (b) with IB method. 

 
domain. The domain size of the fluid region is 
20 10L L× , where L is the jet width. In Fig. 3(a) 
where the IB method is not applied, the following 
Dirichlet boundary conditions are applied on the bot-
tom wall:  

 
0       on 0 9.5  and 10.5L < 20

( ) on 9.5L 10.5jet

v x L x L
v v t x L
= ≤ < ≤⎧⎪

⎨ = ≤ ≤⎪⎩
  

 (11) 
 

With the IB method (Fig. 3(b)), the bottom wall rep-
resented by the IB method is shown as the dashed line, 
and the area below the dashed line is the solid body.  

jetV
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Fig. 4. Time histories of the jet exit velocity and pressure 
coefficient: (a) Vjet ; (b) cp. In (b), —, without IB method; ···, 
with IB method and boundary treatment; - - -, with IB 
method but without boundary treatment. 

 
For both cases, the fluid domains are identical to each 
other. The Reynolds number based on the jet exit 
velocity and width is 100. The initial velocity in the 
fluid domain is zero. The grids are non-uniformly 
distributed, and the numbers of the grid points are 
150( ) 60( )x y×  for Fig. 3(a) and 150( ) 64( )x y×  for 
Fig. 3(b), respectively. An unsteady jet exit velocity is 
given in Fig. 4(a): the jet exit velocity linearly in-
creases and then decreases in time. The pressure coef-
ficients at the center of the jet exit with and without 
the present IB method are shown in Fig. 4(b) together 
with that with the IB method but without applying the 
Neumann boundary condition on the immersed 
boundary (in other words, no boundary condition is 
imposed on the immersed boundary for Eq. [4]). As 
shown, the pressure coefficient with the present 
boundary treatment works well, whereas artificial 
oscillations occur without the boundary treatment 
when the jet exit velocity suddenly changes in time.  

The second example is the flow over a circular 
cylinder at a Reynolds number of 100 based on the  



 S. Jeon and H. Choi / Journal of Mechanical Science and Technology 23 (2009) 2502~2506 2505 
 

  

(a)

(b)

/tu d∞

/tu d∞

DC

DC

 
 
Fig. 5. Time histories of the drag coefficient: (a) 0 ≤  

/ 1tu d∞ ≤ ; (b) 280 / 300tu d∞≤ ≤ . ―, with the boundary 
treatment; - - -, without the boundary treatment. 

 
free-stream velocity u∞  and cylinder diameter d. 
The size of the computational domain is 70 100d d× . 
The number of grid points is 391 225×  in the 
streamwise (x) and transverse (y) directions, respec-
tively. A Dirichlet boundary condition ( / 1u u∞ =  and 

0v = ) is applied at the inflow and far-filed boundaries, 
and a convective boundary condition 
( / / 0i iu t c u x∂ ∂ + ∂ ∂ = ) is used for the outflow bound-
ary, where c is the plane-averaged streamwise veloc-
ity at the exit. 

Fig. 5 shows the time histories of the drag coeffi-
cient DC  obtained with and without the present 
boundary treatment. Here, the initial velocity condi-
tion at 0t =  is given as / 1u u∞ =  and 0v = . Due 
to the no-slip condition on the cylinder surface im-
posed at 0t = , there are large artificial drag oscilla-
tions near 0t =  when the present boundary treat-
ment is not used, whereas there is no such oscillation 
with the boundary treatment (Fig. 5(a)). After some 
time, there is no essential difference between the two 
solutions obtained with and without the boundary 
treatment (Fig. 5(b)) because there is no change in the 
boundary condition in time.  

/tu d∞

/tu d∞

DC

DC

(a)

(b)

 
 
Fig. 6. Time histories of the drag coefficient: (a) without 
boundary treatment; (b) with boundary treatment. 

 
The last example is a feedback control of flow over 

a circular cylinder. The actuation is an unsteady blow-
ing and suction from the cylinder surface and is de-
termined from the distribution of the instantaneous 
surface pressure at each instant [4]. Thus, an artificial 
oscillation of surface pressure caused by the error 2e  
in case of no boundary treatment results in a wrong 
actuation velocity, which again produces non-
physical surface pressure and results in the blow-up 
of the numerical solution (Fig. 6(a)). On the other 
hand, with the present boundary treatment, the drag 
coefficient does not show such artificial behavior. 
The time averaged drag coefficient and the maximum 
lift fluctuation are 1.137 and 0.067, respectively, and 
they are in excellent agreement with those (1.142 and 
0.066, respectively) from Min and Choi [4]. 

 
5. Summary 

Through an IB method, artificial force oscillations 
on a solid body may occur when an unsteady bound-
ary condition is given on the solid boundary. In the 
present study, we suggested a new boundary treat-
ment on or near the immersed boundary when the 
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Poisson equation for the pseudo-pressure is solved. 
The Neumann boundary condition was applied for the 
pseudo-pressure at the grid points where the momen-
tum forcing was applied. This boundary treatment 
effectively eliminated artificial force oscillations for 
the three flow examples. 
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