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1     Introduction 
 
Due to fundamental idea of employing a fixed grid to solve time-varying geometries, the immersed 

boundary methods have received increasing attention as flow-structure-interaction (FSI) solver.  

Despite the potential in applications direct forcing immersed boundary (DFIB) method, accurately 

evaluate drag/lift forces of time-varying geometries by DFIB method still remains a challenge. From 

the previous studies, it is well known that spurious force oscillations (SFO) will appear when the 

geometry conservation is not fully-satisfied, which is the case in general for the DFIB method. To 

alleviate the SFO, you may employ the method of inclusion the mass source/sink term into continuity 

equation[1], employ the cut-cell method[2], or employ the continuity constrained least-squares 

interpolation[3]. Nevertheless, the efficiency of the abovementioned approaches drops dramatically 

when we employ small time step size, due to the fact that the SFO for these methods is proportional to 

𝑂(∆𝑥2) and 𝑂(1/∆𝑡), where ∆𝑥 and ∆𝑡 are spatial and temporal step size. The smaller time step size 

tends to increase the SFO in practice for these methods, result in spoil the simulated results when 

solving the FSI problems. 

In this study, we propose the convolutional DFIB (cDFIB) method for solving the fluid flow with 

time-varying geometries [4]. The fundamental idea is to employ of convolutional kernel for the direct 

forcing source terms, to better model the forcing terms to mimic the solid bodies. The SFO produced 

by the current approach is then reduced and changed to be proportional to 𝑂(∆𝑥) and 𝑂(∆𝑡), so that 

the accurate solutions can be obtained for both moderate and small time step size. The proposed 

method robustly provides accurate solutions in small time step size where conventional DFIB will 

produce unphysical spikes into drag/lift forces, while still maintaining good accuracy in moderate 

time step size. 

 

2     Problem Statement 
 
To demonstrate the efficiency and accuracy of cDFIB method, we first investigated Seo and Mittal 

oscillation cylinder problem in 2D. From Figure 1-2, it clearly revealed that current method can 

efficiently alleviate the SFO, and most importantly the temporal convergence rate is proportional 

𝑂(∆𝑡). The 3D Seo and Mittal oscillation cylinder and the flow past sphere problem also been 

investigated to further demonstrate the applicability of cDFIB method for 3D problems. From Figure 

3-6, it again shows the proposed cDFIB method alleviate the SFO efficiently for moving boundary 

problem with the 𝑂(∆𝑥) and 𝑂(∆𝑡) converge rate, while the drag coefficient can be accurately 

predicted [1,5]. 

 

To further validate the applicability and efficacy of the present cDFIB method for more real-world 

complex geometries, we also applied the current framework to the modelling of incompressible flow 

past fish-like wavy foil problem at 𝑅𝑒 = 5000, similar to other previous work [6]. From Figure 7, it 

again reveals that the current cDFIB method can efficiently alleviate the SFO, while the vortex 

features behind the foil can be accurately resolved and the drag and lift coefficients have good 

agreements with the reference in [6], as shown in Figure 8-9. 
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Figure 2: comparisons of drag coefficient by conventional DFIB and 

cDFIB method with different mesh sizes and time steps for the Seo and 

Mittal oscillation cylinder problem. 

Figure 1: comparisons of drag coefficient by conventional DFIB and 

cDFIB method with reference solutions for the 2D Seo and Mittal 

oscillation cylinder problem. 
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Figure 3: comparisons of drag coefficient by conventional DFIB and 

cDFIB method with reference solutions for the 2D Seo and Mittal 

oscillation cylinder problem. 

Figure 4: comparisons of drag coefficient by conventional DFIB and 

cDFIB method with different mesh sizes for the 3D Seo and Mittal 

oscillation cylinder problem. 
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Figure 6: comparison lift coefficient with conventional DFIB (left) and 

cDFIB (right) method for the flow past fish-like wavy foil problem.  

Figure 5: comparisons of drag coefficient by conventional DFIB and 

cDFIB method with different time steps for the 3D Seo and Mittal 

oscillation cylinder problem. 
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Figure 8: predicted vorticity contours at different time instances for the 

flow past fish-like wavy foil problem. 

Figure 9: The plot of comparisons of the predicted drag(CD) and lift(CL) 

coefficient for the flow past fish-like wavy foil problem 

. 

Figure 7: comparison drag coefficient with reference results for the flow 

past sphere problem.  


